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A PROGRAM OF RESEARCH ON
MICRO-FABRICATION TECHNIQUES FOR
VLSI MAGNETIC DEVICES

PROGRESS REPORT

OCTOBER 1, 1982

u 1. INTRODUCTION

The Air Force Office of Scientific Research has been funding a research project entitled "A
Program of Research on Microfabrication Techniques for VLSI Magnetic Devices,” since
September 29, 1980. This report describes the progrcs's we have made on this research project
during its second year of funding. Highlights of the progress during the second year include the
development of garnet thin films supporting submicrometer diameter bubbles and which may be
used in ion implanted devices. We also developed a wide band ferromagnetic resonance
spectrometer with unusually high sensitivity and have used it to characterize these garnet materials
and their ion-implanted layers both before and after ion implantation. We found that ion
implantation produced significant reductions in the crystalline anisotropy field, but that changes in
magnetostriction were proportional to changes in magnetization. We also directly determined the
change in uniaxial anisotropy field produced by stress and showed that a significant portion of the
anisotropy field change was produced by non-stress related mechanisms. The non-stress related

anisotropy field change was shown to become more important for small bubble domain materials.

The magneto-optic photomeler system was further improved so that measurements may now be
carried out using transmission, rather than only reflection. Using transmission has been shown to
improve the signal-to-noise ratio by an order of magnitude and greatly simplify analysis of the
magneto-optic signals. In addition the purchase of a Leitz photometer unit and additional
modifications have enabled us to use a pinhole aperture in the magnified image plane of the 100X
objective lens to define the area on the film in which the measurement is done. With this
change, the system now has 0.5um resolution capability. In addition. the system now has high
frequency capability up to 55 MHz. Use of this system during the past year resulted in the
measurement of uniaxial anisotropy components due to stress relaxation near pattern edges. In
agreement with our earlier work suggesting that uniaxial anisotropy from stress relaxation was

critical to formation of the charged walls, we found that uniaxial anisolropy components were

measurable 50 ym from a pattern edge in a 0.4 um thick ion-implanted layer.




Work on amorphous bubble materials has now succeeded to the point that we feel we can
deposit films which will support 0.5,m diameter bubbles and which are slable against temperature
changes. Further progress will depend upon our making 0.5um bubble devices on these materials,

Work on amorphous materials for magnelo-optic memory devices which grew out of the work
on amorphous bubble material under this contract has been pursued with GE support at C-MU
and has resulted in materials which appear 1o be adequate for building an erasable magneto-optic
memory disk with a bit capacity exceeding 10'° bits/side. GE and C-MU have Jjointly submitted
a proposal to Rome Air Development Center for support of this work.

In the arca of bubble devices the highlight of our work has been good progress on the current-
access ion-implanted devices. By using a conductor sheet under the garnet we reduced power
dissipation below the factor of four gain made previously and have solved edge effect problems.
Furthermore, propégation patterns for these devices have been evolved. Progress on fabrication of
both ion-implanted contiguous disk and current-accessed perforated-sheet devices has been made

and we expect to demonstrate submicrometer device operation this year.

Since the start of this coniract we have published or submitted for publication ten papers and
three Master’s Degree Theses.

The work being carried out under this grant is in an area of critical need to our nation.
Today only Intel and Motorola are US vendors of bubble memory devices. The Bell Telephone
Laboratories continue to be active in the bubble memory area, with research support from the Air
Force, however, they typically do not sell components to outside users. By comparison, the
Japanese are moving ahead continuously and at a great pace in their development of bubble

memory devices. Hitachi has marketed more bubble memory devices than any other manufacturer

and is presently producing them at a rate exceeding 25,000 memories per month. Fujitsu now

reports manufacturing 5000 to 10,000 units per month.

The research effort at Carnegie-Mellon University, being funded by this grant, has attracted
significant attention from industrial manufacturers and users of bubble memories. In the past,
industrial firms involved in the manufacture of bubble memories have provided some support to
this program in the form of equipment donmations and/or support of an individual graduate student
through a fellowship. Researchers involved in this program are sought out .by industrial workers
actively involved in bubble memory design and fabrication for consultation on future technology
directions.  Without the gramt support provided by the AFOSR grant number 80-0284, this
program would mnot be possible. Below are contained a progress summary by area and detailed

reports from selected areas, as well as appended publications.




2. GARNET BUBBLE MATERIALS AND THE EFFECTS OF ION IMPLANTATION ON
THEM

2.1. SUBMICRON BUBBLE GARNETS

In our last progress report (10-1-81), we described the implementation of the LPE growth
facility and the development of characterization techniques to measure film properties. We gave
results for numerous 1 xm diameter bubble films and some submicron films. We report here on
further progress on the development of garnmet epitaxial films which are suitable for submicron
diameter bubble devices.

Garnet materials of (YSmTmGd),, (FerlAl)SOl2 and (YSmeGdLu),(FeAl)sou compositions
were investigated for as 1.0ym and 0.5um diameter ion-implantable bubble materials, respectively.
The results of this investigation were reported at the Intermag-Magnetism and Magnetic Materials
Conference held in July, 1982 and are to be published in an upcoming issuc of the IEEE’
Transactions on Magnetics (7). The particular compositions used were evolved from compositions
typically used for larger bubble diameter materials. These compositions are well suited for ion-
implanted devices because they have relatively large magnetostriction constants ()«“l = -3.3x10°
for the 1ym materials and A = = -3.8x10° for the 0.5ym materials) and sufficient anisotropy
for device applications. For the 1um composition the temperature dependence of collapse field
from room temperature to 100°C was nearly constanl. On the other hand for the 0.5um
compositions the temperature coefficient of the collapse field in this range was about -0.2%/°C,
providing a good match to barium-ferrite permanent magnets. The | um bubble materials were in
fact tested in ion implanted conliguoué disk devices and demonstrated to give good propagation
margins. The 0.5ym bubble materials were implanted and measurements of the anisotropy field
change produced by the implantation indicate that the materials should work well in implanted
devices. We are now fabricaling 2uym period propagation structures on these materials and expect

to demonstrate 0.5xm bubble propagation in the near future.

A copy of the paper entitled "Investigations of Ion Implantable Submicron Bubble Material™ is

attached to this report and explains in more detail the results of these investigations.

2.2. EFFECTS OF ION IMPLANTATION ON THE MAGNETIC CHARACTERISTICS OF
GARNET THIN FILMS .
The wideband ferromagnetic resonmance spectrometer described below in section 5.2 was used to

measure the changes in magnetostriction constant X . magnetocrystalline anisotropy field H , and

111
the effective uniaxial anisotropy field H -47M, when a garnet thin film is implanted with

deuterium and oxygen ions. These results were described in detail at a paper presented at the

International Colloquium on Magnetic Thin Films and Surfaces in Yokohama, Sept. 1982 (9), and




in a paper presented at the Conference on lon-Beam Modification of Materials, Grenoble, France,
Sept., 1982 (8). These measurements epabled us to determine the contribution to the anisotropy
field change which was produced by stress and compare that with the total change. Direct
measurements indicated that stress alone cannot account for the total change in anisotropy field.
The additional change, which is believed to be related 1o disordering of the crystal latlice, is
nearly the same for luym and 0.54 bubble materials. On the other hand the stress induced
anisotropy field change is inversely proportional to 4nM‘ and therefore smalier in the 0.5um
" materials which have large 47M. These results therefore indicate that, as bubble size is reduced,
the non-stress related mechanism increases in relative importance. It was also found that A " '/M‘
remained constant in the films we investigated so long as implant energies anc doses were kept to
moderate levels. A substantial reduction in the crystalline anisotropy field from -160 Oe to -40
Oc and from -115 Oe to -25 Oc was observed in the 1ym and 0.5um bubble materials described
above in section 2.1 when they were implanted with 5x10'*/cm® molecular deuterium ions at 60
keV and 9.5x10'%/cm? atomic oxygen ions at 110 keV. Tbe reduction of H, with implantation

agrees with the trend of the crystal struciure becoming increasingly disordered after implantation.

Copies of the papers “Investigation of Implantation Induced Changes in Surface Layers of
Epitaxial Garnet Thin Films™ and the "Effect of Ion Implantation on Epitaxial Magnetic Garnet
Thin Films” are attached to this report and provide considerably more detail about the

investigations 'conducted.

2.3. ANISOTROPY IN ION-IMPLANTED LAYERS: INVESTIGATIONS WITH THE
MAGNETO-OPTIC PHOTOMETER .

In the last progress report (10/1/81) we described the magneto-oplic photometer system and its
use to characterize the crystalline anisotropy constant K, in ion implanted layers of garmets (1).
During this past year we have been using this system to characterize the anisotropy in ton
implanted layers of garnmet thin films having their [111]) axis slightly misaligned from the film
normal.  Theoretical models for the behavior of magnetization in such tilted films are being
developed.  Such tilted films have different anisotropic behavior than non-tilted films and may
produce superior device margins. Furthermore, in order to specify the tolerance on tilt of the
[111] axis, it 1s necessary 1o have an understanding of the effects of the variation in it on the

ion implanted device behavior.

Following the theoretical models, some expcrunents have been devised to measure the
anisotropies of the ion implanted films using the magneto-optic photometer. These experiments
are currently underway on the tilted films and indicate large variations in planar anisotropy for

relatively small, (less than 5°) tilt angles. Further magneto-oplic measurements are being made

on the tilted samples to test the validity of the theoretical model. If the model is shown to be




valid, it will be used to predict charged wall behavior in a tilled contiguous disk device.

With the magneto-optic pholometer, we have successfully measured for the first time, the stress
induced anisotropy near ion implanted pattern edges. This was done by using the small spot size
capability of the magneto-optlic pholometer and measuring the anisotropy as a function of distance
from a non-implanted pattern edge. Confirming our previous finding, that stress relaxation at the
pattern edge was responsible for the uniaxial anisotropy parallel to the pattern edge which caused
a charged wall to form, we measured a significant uniaxial anisotropy, a distance of 10um away
from the boundary edge. This uniaxial anisotropy was found to increase in magnitude as the
patlern edge was approached.

In our work with uniaxial and tri-directional anisotropies we have also evolved some
experiments which allow us to characterize the nature of the anisotropy in a magnetic material

whose general properties are not known.

A more detailed report on the investigations of the magneto-oplic photometer system is attached

to this brief summary.

2.4. EFFECTS OF ION IMPLANTATION ON PHYSICAL CHARACTERISTICS OF
GARNET THIN FILMS

Our previous investigations of ion implanted garnet (described in last year’s 10-1-81 progress
report) and in reference (4) with 60keV deuterium to a dosage of 0.5x10'®/cm? and 110 keV
Oxygen to a dosage of 0.95x10"/cm?, using the techniques of clectron microscopy, showed that
po change occurs_in structurc and that only strain distortions at ion implanted boundaries can be
observed. During this past year the structure change of ion implanled garnet with increasing
implantation dosage was investigated. - Amorphization of garnet crystals was observed with 60 keV
deuterium to a dosage of 3.0x10'%/cm® and 110 keV Oxygen to a dosage of 5.7x10'4/cm2. I
order to study profiles of implanted oxygen and deuterium layers, a cross sectional TEM
technique was developed. Preparation procedures of cross sectional samples, irradiation profiles
and amorphization of garnet with oxygen and deuterium implantation and annealing behavior of

amorphous garnet were studied.

Cross sectional transmission electron microscopy clearly shows the formation kinetics of an
amorphous layer on the surface of garnel. At low dosage (less than 0.5x10'®), deuterium/cm*
and 0.95x10" Oxygcn/cmz. no change was observed without strain profiles at ion implanted
boundaries. As the implantation dose increases (less than 1.0x10'® deuterium/cm’ and 1.9x10'
Oxygcn/cmz). isolated amorphous regions are formed. These isolated ambrphous regions increase

and finally a continuous amorphous layer 1s formed by further ion implantation. The critical




dosage of amorphization is below 3x10'® deuterium/cm® and 5.7x10'* Oxygen/cmz.

No evidence of small crystallite formation was observed by cross sectional transmission electron

microscopy. However, by observing the ion implanted surface, small crystallites were observed;

-both Debye rings and dark field images show evidence for this.  These facts lead to the

conclusion that small crystallites exist only in the very thin surface region. The surface receives
a rclatively small amount of damage, even after heavy ion implantation, since implanted ions do
not exist in the shallow surface layer. Recovery of damage may occur easily in this shallow

surface.

Oxygen implantation was found to play a dominant role for the crystalline to amerphous
transformation, since no drastic cbange was observed to be caused by deuterium implantation. Two
types of amorphization processes by ipn implantation have been proposed (J. Bourgoin, Solid State
Communications, 34, 25 (1980)). One type is amorphorization with heavy ion implantation where
the concentration of defects in the cascade can be large enough to induce the transformation and
isolated amorphous regions are directly formed. The other type is amorphization with light ions
where the critical concentration of defects is reached only after several ions have come to rest at
the same region. In this.case an abrupt transformation of an implanted layer is expected. In
our experiment the former type of amorphization process has been observed. It is due to the fact
that oxygen atoms are relatively heavy.

More details of these studies may be found in the report entitled “"Direct Observation of
Heavily Implanted Layers in Garnets” attached to this summary and in the digest entitled
“Characterization of Microstructure in Ion-Implanted Garnet by Transmission Electron
Microscopy.” submitted to the Intermag Conference to be held April 5-8, 1983 in Philadelphia
(12).

2.5. OPTICAL SPECTRA OF ION IMPLANTED GARNETS

Optical Investigations of ion implanted garnet epilayers wer: discussed 1n our last progress
report  (10-1-81). Since then considerable progress has been made 1 coupling a
cryomagnetooptical dewar to a spectro photomeler. The dewar support structure and the mating
spectrophotometer cart have been finished. The transmission probe. mitrogen purging system. wafer
cooling system, vacuum pump station and other accessories have been completed. To give the
proper magnetic and thermal properties, most materials used were either aluminum, stainless steel
or copper. Considerable machining time was required to meet the design flexibility and precision

necessary for alignment of the dewar with the spectrophotometer optics. Currently we are trying

lo correct a persistent leak in the cryomagnetooptic dewar.
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Once the leak has been fixed and a successful cool-down demonstrated, the first Er** doped
epilayer will be run. The amount of new machining should be minimal and confined to new
sample holders and probes. We have now grown our first set of Er** doped cpilayers, but we
anlicipate that some experimentation will be required to optimize the amount of doping to obtain
adequate senmsitivity,. The first samples will be run in transmission, perpendicular to the epilayer,
as this is the easiest mode. Based upon the semsitivity of these early rums, doping concentrations
may be changed or the samples may be looked at in one or both of two other modes. The
samples can be placed in the reflection mode or the epilayer can be used as a waveguide
(transmission parallel to the epilayer). The last mode is most sensitive to weak absorptions since
the path length and the material of interest is substantially longer and the background absorption
in the GGG substrate is reduced. The interest is using Er’’ doped epilayers revolves around the
N-center salellites. As explained in the previous report, these satellites (called P and I-centers)
should give insight into stoichiometric and crystal field deviations caused by ion implantation.
The objective of this investigation is to explain the microscopic bebavior of ion implanted garnet

epilayers in terms of microscopic effects manifested through these deviations.
3. AMORPHOUS BUBBLE AND MAGNETO-OPTIC MATERIALS

3.1. SPUTTERED GACoMo0 FILMS FOR BUBBLE DEVICES

Amorphous GdCoMo bubble materials supporting 0.5 um diameter bubbles are now routinely
fabricated by r.f. sputtering at C-MU. These materials have been shown to have adequately
msensitive lemperature characteristics 1 the O lo 100°C range, that they could be used for
device applications. A master's degree thesis written by P. Nittoli and entitled "The Fabrication
and Charactcrizz.mon of Amorphous Magnetic Films in the Gadolmum Cobalt Molybdenum Argon
System,” describes the deposition and characterization of these amorphous bubble materials and is
attached to this summary report. ‘Having satisfied ourselves that we can deposit amorphous films
which will support 0.5 gm diameter bubbles, and which are stable against changes in temperature,
we now need lo fabricate device structures on these films in order to further establish their

viability as a bubble domain material.

3.2. SPUTTERED GdCo MATERIALS FOR MAGNETO-OPTIC DEVICES

The work on GdCo and GdCoMo materials for bubble device applications, begun under AFOSR
grant 80-0284, lead to interest in using such amorphous materials for erasable magneto-oplic
memory disk applications. Accordingly, the General Electric Company has supporied two graduate
students doing work in this area under Professor Kryder's direction. This research resulted in the
demonstration of the feasibility of a2 magneto-oplical disk system having a bit density of 10% tits

per centimeler along the track and a track density of 5x10° tracks per centimeter, for a total




areal bit density of 5x10’ bits/cm>. One micrometer diameter domains were writlen with a
focused AlGaAs laser diode and shown to be stable against temperature changes from 0 to 100°C
and against applied fields ranging from -100 Oc to +100 Oe. The erasability of individual bits

was also demonstrated.

This cooperative program between GE and C-MU has now resulted in a proposal to the Rome
Air Development Center request for Proposal No. 1-3-4158 for investigations of "Reusable
Optical Disk Techniques.”

3.3. SPUTTERED NiCoB FOR BUBBLE DEVICES

In an attempt to replace the ion implanted drive layer -ontiguous disk bubble devices with a
sputter deposited amorphous thin film, we have beer ir  .igating metal-metalloid films. These
films can be grown with a wide range of magnetization wes, very low anisolropy and a low
coercive force.  Ipial studies by M. H. Kryder usr ‘errofluid indicated that by etching
patlerns into the surface of NiCoB films, it was possib - orm weakly charged domain walls
which could be used to move bubble domains around paucrn boundaries. Bubble propagation
margins were, however, quite small and we hoped that a thorough investigation of NiCoB films
would yleld drive layers ‘which would provide strongly charged walls and good propagation
margins. During the first year of the grant, we deposited a large pumber of NiCoB films and
studied the influence of r.f. spuilering conditions on the magnetic parameters of the films. Thus

far we have, however, been unsuccessful in obtaining strongly charged walls.

Investigations carried out under this contract showed the importance of magneto-striction and
stress relaxation at the boundary between the unmimplanted and implanted material in forming the
charged wall in implanted garnets. Since vacuum deposited films typically bave built-in planar
stress, we felt it might be possible to achieve stress relaxation at boundaries of etched holes in a
suitable amorphous drive layer.  However, to create ths desired magnetic amsotropy at the
boundary, it is also necessary that the material bave suitably large magnetostriction constants. We
therefore began to search for high magnetostriction magnetic materials with low coercivity, low
anisotropy and magnetization values of a few hundred to a few thousand gauss. similar {o that of
the 10n implanted layer of garnets. NiCoB films do not provide adequate magnetostriction. High
magnetostriction constant amorphous materials do exist, however. We believe that Tb or Dy
doped metal-metalloid amorphous films would have relatively lgh magnetostricion. Whether we
can simultaneously achieve low coercivity and low anisotropy in these materials 1s unkown at the

present, however.

A copy of a thesis by Robert G. DeCesaris and entitled "Fabrication and Characterization of

Amorphous and Polycrystalline NiCoB Ferromagnetic Thin Films.” provides more details on the




deposition and characterization of the NiCoB amorphous materials and is attached as an appendix
to this summary report (8).

3.4. SELF BIAS LAYERS FOR BUBBLE DEVICES

Liu et al. (J. Appl. Phys. 42, 1360 (1971)), showed that bubble domains could be
stabilized by the energy of a domain wall separating a high coercive force layer magnetized anti-
parallel to the bubble domain itself. Devices using such bias layers would require no external
bias magnets and therefore would be significantly lighter and more compact than presently
manufactured devices. In our previous report (10-1-81) it was pointed out that we had
investigated CoCr materials as a potential self-bias layer but found that the CoCr films did rot
remain saturated when the field was removed. Thus, self biasing could not be obtained. We,
therefore, proposed using Sm additions to CoCr to obtain a higher coercive force and hopefully a
single domain layer of permanent magnet material. Thus far, we have been unsuccessful in
obtaining films with sufficient anisolropy perpendicular to the plane of the film so that the

magnelization stays saturated in that direction.

In addition to CoCrSm, we have investigated the use of high coercive force GdCoX
compositions as a self bias layer. It 1s well known that GdCo alloys have very high coercive
force near the compensation poinl. During the past year we made some two layer GdCo film
structures which exhibited stable bubble diameters of about Suym with zero applied bias field.
The structures consisted of a high c.ercive force compensation point layer with a typical low
coercive force bubble layer on top. These layered structures proved to be tlemperature sensilive
because the magnelic parameters of GdCo change rapiuly near the compensation temperature. To
circumvent this problem, we arc now interested in examining impurity additions to raise the
coercivity. An attemp! to use oxygen to raise the coercivity was only partially successful. The
coercivity did increase, but by an amount far too little to prevent the GdCo films from breaking
up 1nto domains. At the International Conference on Magnetism held in Kyoto, Japan n
September, 1982, Dr. Y. Togami presented a paper in which he showed that GdTbCo films
exhibited high coercivity, Accordingly, we have recently added some terbium to our GdCo
target and have begun sputlering these materials. Assuming that we are able to get the same
properties as Togami has repoited, we will than deposit the GdTbCo films on top of a bubble

material lo demonstrate the self bias effect.

4. BUBBLE DEVICES




4.1. 1ION IMPLANTED CONTIGUOUS DISK DEVICES

During the course of this grant, we have successfully propagated | um diameter bubbles in 4 ym
period patterns; however, we have been frustrated in attempts to propagate 0.5ym diameter
bubbles because of fabrication difficulties associated with very narrow linewidth lithography.

Until recently we were trying to fabricate the submicron bubble devices using a Cobilt mask

aligner and electron beam generaled masks fabricated at the National Research and Resource -

Facility for Submicron Structures at Cornell University. The Cobilt mask aligner did not have
adequate resolution to faithfully reproduce the narrow line width mask patterns. An attempl to
fabricate devices using direct-write on-wafer with electron beam lithography- also failed because
resist residue was left in the exposed areas of the pattern. Now, however, we have acquired a
new deep-ultraviolet Karl Suess mask aligner with 0.2um resolution and #0.1ym alignment
tolerance. =~ We expect to have masks generated early in December and fabricate the 0.5um

devices shortly thereafter.

In spite of the difficulties in fabricating 0.5ym diameter bubble devices, we made good
progress in obtaining control of our processing techniques. We significantly improved our control
over the plating process used to form the gold pattern which serves as the ion implantation mask

for the ion implanted contiguous disk devices.

We also made good progress on device design. We now have designs for full function bubble
memory chips for 0.5um, }pm and 2um diameler bubbles. The layouts of the chbips for various
bubble diameters are designed to be 1dentical except for the scale factors. We intend to study
the scaling behavior of these devices and verify our earlier projections. Also contained on this
chip are designs for a novel replicate transfer gate utilizing bubble-bubble interaction. We expect
to fabricate this mask set during the month of November at the National Research and Resource
Facility for Submicron Structures at Cornell University and to fabricate the actual devices shortly

thereafter using our new deep U.V. mask aligner.

A report entitled "Fabrication of Cobntigunous Disk Magnetic Bubble Devices,” which 1s attached

to this summary report, provides more details on these nvestigations.

4.2. CURRENT-ACCESSED PERFORATED-SHEET DEVICES

Current-accessed perforated-sheet devices are being studied 1n spite of power dissipation
problems (M. H. Kryder, IEEE Trans. Magnet. MAG-17, 2392 (1981)) because they offer high
performance and because they are especially amenable to design of bubble logic. We plan lo use
a limited amount of current-access technology on an otherwise field field accessed chip in order
to mmprove performance and functionality of bubble devices. By using only a small amount of

current-access technology on a chip. total power dissipation wiil be held to a tolerably low Jevel.

Y
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During the past year, we designed and fabricated chips with both contiguous dlisk and current-
access perforated-snest technologies on the wafer. The devices fabricated had a number of logic
gates employing bubble-bubble interaction on them. These chips are now being tested.

4.3. CURRENT-ACCESSED ION-IMPLANTED DEVICES

A novel current-accessed ion implanted device which combines the ultra high density of ion
implanted contiguous disk devices with the performance and simpler packaging (no rotating field
coils) of current-access devices, was invented at C-MU and has been pursued under AFOSR
contract AFOSR-80-0284. This new device uses currents in apertured conductor sheets to access
charged walls in ion implanted layers of garnet. Data taken on early device structures indicated
that the device required about one-fourth the power of current-access perforated sheet devices
without the ion implanted structure. Since that time additional progress has been made. First of
all, a design employing a ground plane conductor sheet, was developed 1o eliminate the large
perpendicular component of field near the edge of the conductor pattern. It had been recognized
by Bobeck et al. (Bell Sys. Tech. J., 58, 1453 (1979)) in their apertured sheet devices, that this
large perpendicular field made one sacrifice a large amount of chip area near the edges of the
conductor sheet. In our device structure, as opposed to Bobeck’s, however, it was not possible to
use a return conductor above the apertured conductor sheet, because doing so would climinate the
in-plane field components below the apertured sheet which access the charged walls. Instead, our
design calls for the return conductor sheet below the garnet so that the in-plane field in the
garnet is effectively doubled in comparison to a single sheet without the ground plane return.

Doubling the in-plane field component will further reduce the drive current and hence the power

-requirements. With the ground plane return, edge effects are kept to tolerably low levels over

80% of a lcm® chip area. Realizing that some fraction of the chip area must be devoted to

space for lead connection etc., this is believed to be an acceplably small amount to sacrifice. It
is noted that the ground plane return need not be actually fabricated on the garnet substrate. but

can be on the surface of the chip carrier, to which the chip is bonded.

In addition to the above described solution to the edge effect problem and the accompanying
further reduction in power dissipation, designs for bubble propagation patterns have been evolved
since the original publication of this device structure. In most of these designs. a conventional
contiguous disk propagation patlern is used with a apertured conductor sheet placed above 1l
Currents in the apertured sheet will access the charged walls and drive bubbles around the
contiguous disk pattern. Two layer conductor patlerns may be used and overcome the tendency
for the current to flow around the edges of the central perforated area to the area to where the
orthogonal current connection is made. Bobeck et al. pointed out that this effect caused power
dissipation in single conductor sheets to be higher than when two layers are used to carry

orthogonal currents. These new propagation structures have been laid out on a CAD system and

\
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will be fabricated inlo mask patterns early in January at the National Research and Reszurce
Facility for Submicron Structures at Cornell University. Shortly thereafter they will be
reproduced using our deep U.V. contact aligner, fabricated into bubble devices and tested.

5. INSTRUMENTATION AND ANALYSIS TECHNIQUES

5.1. MAGNETO-OPTIC PHOTOMETER

The magneto-optic photometer system (1) was improved significantly since our last progress
report (10/1/81). Since that time it has been modified to allow the use of transmitted light in
measuring the magnetic properties of transparent magnetic material such as bubble garpets. A
lens and polarizer assembly was designed to fit underneath the microscope stage. The assembly
focuses and directs the laser beam through the magnetic sample and into the usual optics of the
microscope. As the polarized light passes through the sample, it undergoes Faraday rotation, and
this rotation is detecled in the same way as in the past for reflected light. Using transmitted
light instead of reflected light, significantly increases the system's sensitivity and significantly
simplifies interpretation of the recorded magneto-optic information. Measurements indicate that
signals are an order of magnitude larger in transmission than in reflection. These modifications
have made possible the measurement of the stress relaxation at pattern boundaries described 1n

section 2.3 of this report.

Also since the last progress report (10-1-81), we have significantly improved the resolution and
spol size of the magneto-optic photometer system. With use of a Leitz photometer unit, we have
been able to put a pin hole aperture in the magnified image plane of the 100 objective typically
used with the magneto-optic photometer. Thus, a S0um diameter pin hole corresponds to 0.5um
on the sample. Hence, we can now measure with 0.5um resolution on the sample surface and
near device structures. This improvement is also responsible for our ability to detect the stress

relaxation near pattern boundaries of ion implanted contiguous disk devices.

The frequency response of the system has also significantly improved. The system will now
operate at frequencies of up to 55 megahertz so the dynamic properties of charged walls and also
of normal domain walls may be measured. Work on magneto-resistive and thin film recording
beads which 1s being funded by Magnetic Peripherals Inc. and the IBM Corporation, 1S being

carried out by using the hgh frequency characteristics of the magneto-optic photometer system.
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5.2. WIDEBAND FMR SPECTROMETER

A wideband ferromagnetic resonance spectrometer sysiem ( 6 ) was assembled since the last
progress report (10-1-81). This system uses a non-resonant microstrip transmission line instead
of a tuned microwave cavity for applying microwave ficlds to the garnet material. Using this
apparatus, we developed lechniques to measure the magnetostriction constant Xm in both
submicrometer diameter bubble material and in ion implanted layers of full wafer garmets. In
addition, we develop techniques for measuring the magneto-crystalline anisotropy field using this
apparatus. Accuracy of the anisotropy measurement is believed 1o be better than £10 Oc. Our
apparatus offers higher sensitivity than previously reported microstrip structures and no problems
with coupled resonances in magneto-striction measurements, as previously found (G. P. Vella-
Coleiro, Rev. Sci. Imstrum., 50, 1130 (1979)) when using a shorted wave guide. A paper
describing this apparatus in more detail and entitled "Measurement of Magneto-Crystalline
Anisotropy Field and Magneto-Striction Coefficient in Garnet Films,” was presented at the Joint
Intermag-Magnetism and Magnetic Materials Conference in Montreal in July 1982 and is attached

to this summary report.
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INVESTIGATIONS OF ION-IMPLANTABLE SUBMICRON BUBBLE MATERIAL
C. §. Krafft, X, Wang. M. K. Kryder

ABSTRACT

We have investigsted (Y Sm Tr Gd) (Fe Ga Al) garnets
end (Y Sm Tm Gd Lu} (Fe All garnets for use as 1.0 ym and
05 ,sm dismeter ion-implantable bubble msterisis,
respectively. The selection of garnet composition is based
on bubble size, O fector, 1empersture dependence of
magnetization and snisotropy field, FMR linewidth, end
magnetostriction coefficient. Messursments  of thess
parameters, 88 well as the crystaliine anisotropy fieid sre
given for differant film compositions. Effects of samarium
snd f{utetium aeddition to achieve 0.5 sm bubbles are
discussed. Both film compositions were implanted with
deuterium and oxygen and the implantstion induced strain
sand uniaxia! anisotropy field change were measured. Margins

for 1 ym dismeter bubble propagation patterns are given.

INTRODUCTION

The success of submicron dismeter ion-implanted
bubblie devices depends, in part, on the development of
suitable garnet film compositions. Although & wide range
of compositions have been investigated, an optimal
submicron garnet has yet to be reported. We report here on
the development of two ion-implantable epitaxial garnet fiim
compositions which support 1.0 ym and 0.5 ,m dismeter

bubbies.
EXPERIMENTAL DETAILS

Filmgs were grown by the standard LPE [1) method on
254 cm diameter, [111) oriented, GGG substrates. Typica!
melt compositions are listed in Table |, The growth
process wat automated. During growth, rotation speed was
100 rpm with direction reversal typically set at 5 seconds.
Melt saturstion tempersture ranged from B865°C to 880°C,
depending on melt composition, Temperature drift was
controlied to within 1°C for a 10 minute film growth. Fiim
uniformity was typicslly better than one fringe over 80% of
the wafer. The reproducibility of material parameters for
fiims grown under identica! condions was comparsble with
characterizstion uncertainty limit.

Routine characterization included thickness, stripwidth,
coliapse field. etfective asnisotropy field, and Iattice
mismatch. On selected ssmpies, the tempersture coefficient
of collspse fisld AH %/°C. was measured. This was
obtained by messuring collapse field st a low and a8 high
temperature, normslizing to H, st 30°C, multiplying by 100,
end dividing by the temperature sange. Typically, we
measured H, between 20°C and 100°C. The thickness was
messured precisely on samples of esch gernet system with
8 scanning electron microscope. The meassurement
uncertsinty in thickness is 2 5% absolute. Relative
uncertsinly on films of similar composition is $3%.
Measurements of the effective anisotropy field, Hg = H,-
4eM-87H,, crystaliine anisotropy field H,, and
magnetostriction coefficient A,,,, were made on full wafer
@arneis using 8 wide band resonance spectrometer with
microstrip transmission line {2). He and the gyromagnetic
r8tio y, were determined from the frequsncy dependence of
resonance field. H, was determined from the angulsr
dependence of resonance field 8! » fixed fraquency.

Manuscript received 8/11/82,
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Scientific Research, under grant AFOSR 80-0284, snd by the
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Periisylvenis 18213,

Table &t Meit Composition

Oxides 0.5 4m (Meit H2) = 1.0 ym (Melt O2)
*0 182.2 (moles X107%) 175.2 (moles X10°2)
8,0, "8 138
F.zO; 20.8 23.0
2!,03 0.2784 0.5787
8,0 - 0.7782
v,6 ’ 0.2274 0.1927
ea,&, 0.0650 0.0749
Tm203 0.2817 0.2589
$m,0, 0.0758 0.0749

Uncertainty in Hg, attributed to uncertsinty in field and
frequency measurement snd temperature drift is £ 25 Os.
Uncertainty in magnetizstion 4»M, which is determined from
thickness, stripwidth, snd collapse fieid measurement [3] is
approximately $%. Lattice mismatch As was messured with
an (888) plane double crystal x-ray diffractometer,
Propagation patterns were f{abricsted on 8 1 ,m
diameter bubble garnet. A 8200 A gqld mask defined the
patterns. Beneath, the go!d was » 500 A chromium reflecting,
lsyer and » 400 A SiO, passivation lsyer. Patterns were 6
pm period contiguous diamonds and 5,m period contiguous
triangles. Tracks were aligned parsiiel to [112] direction.

EXPERIMENTAL RESATS

Nominai compositions based ©On unity segregation
coesfficionts for the rsre-ssrth oxides, end the materis!
parameters for 1 gm bubbie films are given in Table . In
Fig. 1, moaterisl parameters are plotted versus growth
tempersture.  Temperature dependences of H, snd H,; ere
piven in Teble ML ton implantstion conditions and
propagstion pattern margins sre givqn in Teble IV. (mpiant
thickness was estimsted to be 4000 A as determined from x-
ray diffraction dats [4].

For typical 1 ym films, the resonance linewidth is 125
De a1t 6 GHz and the gyromagnetic ratio is 2.4 MHz/Oe. The
linewidth is measured on derivative absorption curve as
peak to pesk separation. Magnetostriction coefficient was
measured to be -3.3x10°5, M, is -155 Oe. M, and A,,, sre
not expected to change significantly for different 1 ym film
compositions.

Nominal compositions, based on unity segregstion
coefficients for the rare-esrth oxides. and the material *
parameters for 0.5 ym diameter bubble films are given in
Table V. In Fig. 2, plots of the uniaxial anisotropy energy
K. growth induced anisotropy energy K' . isttice mismatch
4a, snd Q versus Sm content and versus Lu content gre
given. Growth tempersture dependent parsmeters |, Q. 4rM,
HeeH ~4eM-67H,, and 4a, asre plotied versus growth
temperature in Fig. 3. General trends of increasing | and
As,, and decressing 4¢M, are sttributed to the increase in
Al incorporation st higher growth temperstures. Saturstion
temperature for this meit is B68*C.  Films grown st

‘temperatures between 858°C and 840 °C have reasonable

growth rates, 0.2 to 0.35 pm/min,
Table )i One Micron Compositions and Material Parameters

goh Film Composition

1 Y0.905M0.20G0.60TM, 3F 0, 60600 4012

02 Y0.805M0.30Gd0 60T 3F e, 65(Ge Allg 360, :
Melt 1 uml L (aml 4sM, (G) Mg (O0)  as, ()
01 .103 .85 856 450 -.006
02 A1 85 774 960 -003
Melt M, (Oe} AW (%/°C)  Rste Tgl*C)

01 -150 -.04 34(pm/min) 838

02 -188 -.08 2 840




M

Table it Tempersture Depencence of M,, . ond 4sM
v Mg soot ¢ @ Ge-Al

Melt Temp (*C) M, (Os) M, D8)  4sM (G)

™ - 426 715 1:001

" 2 118 .84 1292 HyrH 4o M-67H, Ge-Al
] -5 m 1120 Oe) ¢
Table fV: Implant Conditions and Margins for 1 sm Garnet v Ga
L
.

Energy Deuterium 80 keV  Oxygen 110 keV

implent  lon Dose (Icv‘vf) lon Dose (I:.m’) a00l =
14

1 Oxygen 9.5 x 10 Deuterium B x 10:. Py “.(:) Ge-Al

2 Oxygen .5 x 10 Deuterium 8 x 10 /%
<01 —.

Implant Pattern Margin Pattern Margin .
1 Dismond  16% Triangle  14% A3 §::;::‘:"::‘“ Ge
2 Diamond  11% Triangle 1% ’
Margins st 50 Oe Drive Field . 7 GeeA
Tabie V: 0.5 ym Compositions snd Materisl Parameters 1

Melt Film Compositions ¢

HY  Y5905Mg 356d0.45TM 30 049Al53042

H2  Y,055Mg35Gdp3pTmyap  FeqgAlg 2042 .09
H3 Vg p25MgesGdp 24Tm, golUp 27F04 84102012 a . Ge

Mot 1 lum)  tipm)  4sM, (G) He (Oe)  As 28 GeeAl
H 078 .90 1000 904 +.008
H2 058 .70 1280 a8 *.006
3 057 .78 1282 790 -004

s T
Meit M, Os) &M %/°C) Rate 1°0) A 40 60
"1 ~16 27(pm/min) 0’0 Fig. 1: Materis! Parameters Versus Growth Tempersture for
N2 <100 -19 22 840 1.04m Films using Ga snd Ga-Al based Compositions
H3 -115 ~20 43 850 :
Magnetostriction coefficient was determined on a film a (:’
with 0.564 Sm ion content and no Lu to be -3.8x1075, H, *0% °
was determinad to be ~115 Oe 210 Oe. FMR linewidth, AW
is 150 Oe ot € GHz for films from melt H2 and 200 Qe for
films from melt H3. AH increased linearly with samarium
addition 21 » sste of 240 Oe per samarium ion. Frequency
dependence of AH was typically 20 Oe/Ghz. Gyromagnstic .
rstio on ail 0.5 ym films was spproximately 2.6 MH2/0Oe. -0t g
Impiantation induced shift in anisotropy field AH,, is
plotted sgainst the sverage strain C¢) in Fig. 4 for both 1.0

and 0.5 ym gernets.
DISCUSSION

The gosl of the 1 ,m garnet development program
wes 1o produce films with an |, of 0.11 ym, a Q of 2.5, and °
® retstively small lattice mismatch. Starting from the single 14
layer composition reported by Ju et al. [5]) we added Fe to - PR a
decresse | from 0.137 ym to 0.111 xm and incressed Sm
content to maintain Q nesr 2.5. Aluminum was used to help Anisotropy Energy

- improve lsttice matching due to increased Sm content. 1 0 s K
Aluminum is 8iso mors effective than galfium in reducing x10% ergs/ca 9
exchange conswant due to & slightly higher octahedral
preference [8). We found no significant difference in
slopas of Hg and 4«M versus growth temperature curves for
Gs and Ga+Al conteining melts as shown in Fig. 1. This is
partislly sttributed to the small smount of Al used. We
measured the same growth temperaturs dependence of
isttice parsmeter for every melt, including the 0.5 ,m,
0.000250/°C.

The gosl of 0.5 ,m bubble materisl development was
to grow films with an | of 0.056 sm and a Q greater then
1.5 st room temparsture [7]). The first composition listed
in Table V is suitable for 0.75 ym diameter bubbles. Films
from meit H2 support heif micron dismeter bubbles, but the

Q is too ltow. Additions of samarium and lutetium waere 8 Sm b ..'

made in order to increase Q. Temperature dependence of M,, N " ., R N N e v

mﬂ. n.:g d-TMh.. .g ‘giv:n ir;" TI.:'.M )m' for h- ﬁ:nlm gr‘owv;sfsvom (7] 06 ) Q2

melt . = * Hygldr or thus film is 155 st .

25°C and 1.32 st 94°C. Fig 2 K, K‘, Q, snd As, Versus Sm and Lu Content
RS
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Fig. 3 0.5,m Material Parameters Versus Growth Temperature

Samarium additions increased the unisxial anisotropy
energy K, 8s shown in Fig. 2. However, increasingly
unfavorable lattice mismatch at high Sm concentrations
limited its effectivensss. is also plotted versus Sm
content in Fig. 2. was calculated from K K, where K, is
the stress induced anisotropy energy, K =1.5s1,,, where ¢
is the mismatch induced stress. K, is negative for negative
mismatch. Lutetium additions were effective in incressing
K. and decrsasing negative effect of K, due to its small
ionic radius, thus increasing Q. 4sM, remains nearly
constant, increasing slightly with Sm addition and decraasing
slightly with Lu addition.

We measured the lattice mismatch on films from each
meit which were grown st 840°C. As shown in Fig. 2, Sm
addition incresses the lsttice parameter 0.081 NS ion in
the garnet formula. This is comparable to 0.051 NSm ion
predicted for Sm substitution into YIG [8). ‘We note thst
YIG has the same lsttice parameter, 12.376 A ss ths film
grown from melt M2. The Lu addition resulted in @ -0.038
NLu ion dpcresse in lattice parameter which is comparable
to -0.039 MLu predicted for Lu substitution into a film with
® 12.399 A lattice parameter, which is the lsttice parameter
of the film contsining 0.72 Sm ions. Lutetium is expected
to substitute octshedrally as well as dodecahedrally resulting
in & smaller decrease in lsttice parameter. Linesrity of
mismatch versus Sm content, provides evidence thst Sm
incresse in the film is proportionsl to the smount sdded to
the meit.

As noted sbove, M, decrsases from -185 Oe to -110
Oe #s bubble size is reduced from 1 ym to 0.8 ,m. This
decrease is attributed 10 the incrsase in 4sM. The
crystailine anisotropy energy K,, increases slightly for the
smaller bubble material. The tempersture dependence of M,
and My, given in Table 1), is in agreement with expscted
decrease in exchange effects with increasing temperature.
The incresse in L,,, for the 0.5 ym garnet is sttributed to
the higher iron and ssmarium content.

Device morging are given in Table (V. Direct

comparison of resuits is not possible due to difference n
Marging were measured ot

period site. quasi-static

A
-
W

frequencies. The ion-impiantation energy and dose were
selected to give 8 uniform damage level with 8 thickness
approximately 30% of the totsl film thickness using dsts
+.ovided by Gallagher (9). lon dose is chosen so0 that the
change in the unisxial snisotropy fisid, AH,. will exceed My
of the non-implanted materisl. Howsever, 100 high 8 dose is
undesirable, 88 it will destroy the magnetization. We found
no saturstion of 4H,, dus to the use deuterium as the
primary implant species. The higher stirain required to
obtain the same snisotropy fisld change in the 0.5 psm 8s in
the 1 ym materisl is attributed to the higher 4sM,.

6| Anisotropy im
Pield Change
0.5
(xOe)
4
2
Average Strain Ced g
° 1.0 2.0
Fig 4 implantation Induced Change in M, Versus Strain
CONCLUSION ’

The (Y Sm Gd Tm) (Fe Al Ga) garnets are well suited
for 1.0 sm material use. They have good temperature
properties and cen be grown with good reproducibility.
Lettice parameter is sasily matched to GGG substrate.

The (Y Sm Tm Gd Lu) (Fe Al garnet system is suitable
as 0.5 ,m diameter bubble, ion-impiantable material. The
temperature coefficient of collapse fisld closely matches the
temperature coefficient of magnetizetion for the stsnderd
barium ferrite bias magnets. The tempersture dependence of
the snisotropy field appesrs to be sufficient to prevent low
Q related problems st temparstures up to 100°C. Use of Lu
is important both to reduce Ilattice parsmeter and to
increase growth induced anisotropy. :

Both garnet systems have 8 relstively high 1,,,, which
makes them suitable for ion-implanted bubble devices. lon
implantation with deuterium and oxygen provides adequate
change in unisxisl snisotropy field without turning the
material amorphous. Use of Al instead of Gs, or in
sddition to Ga, is helpful in schieving 8 lsttice match end in
decreasing the exchange constant.
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ABSTRACT

Using newly improved FMR characterization techniques, we
have established that mechanisms other than the impilantation-
induced stress are responsible for uniaxial anisotropy field change.
We have measured X,”/Ms and the crystalline anisotropy field H,

in the implanted layer. H. is shown to decrease after implantation.

1
INTRODUCTION

The mechanisms responsible for ion implantation-induced
changes in the magnetic parameters of garnet films are not
completely understood. Early investigators attributed the in-plane
anisotropy in the implanted layer to compressive stress and
magnetostrictive effects [1, 2]. More recent measurements have
led to the suggestion that implantation reduces the magnetization

[3] and the growth-induced anisotropy [4]. Here, we report on ’

implantation-induced changes in the effective uniaxial anisotropy
field H. = H, - 4»Ms - 2/3 H,, the magnetocrystalline anisotropy
H,. and the magnetostriction coefficient A,”. By measuring the
change in uniaxial anisotropy field due to pressure-induced strain,
and the implantation created strain, we are able to determine the
stress-induced anisotropy contribution to the total uniaxial

anisotropy field change. Results are presented for 1 y,m and 0.5

#m diameter bubble garnets.

o '




EXPERIMENTAL DETAILS

investigations were carried out on films which were grown by
standard LPE method [5] on 1 inch diameter GGG substrates.
Nominal compositions, based on unity segregation coefficients for
the rare-earth oxides, and material parameters are given in Table 1.
Measurements of anisotropy fields and magnetostriction coefficient
were carried out on full wafer garnets in a wide band resonance
spectrometer with microstrip transmission line [6]. The wideband
system eliminates inaccuracies caused by cavity detuning and
coupled resonances while making it possible to measure resonance
at low fields thereby improving the accuracy of anisotropy field
measurements. The high sensitivity of the microbox structure,
attributed to the use of a long, serpentine-shaped conductor,
placement of the sample between the conductor and the ground
plane, and use of an inner/outer DC block, enables us to make
measurements on thin ion-implanted layers.

H. and the gyromagnetic ratio y, are determined from the

E

frequency dependence of the resonance fieid. H. is calculated

1
from the angular dependence of the resonance field at a fixed
frequency. xm is determined from the resonance field shift
which is caused by applying a vacuum pressure 10 one side of the
wafer, Strain due to implantation is measured from x-ray rocking
curves using the method of Speriosu [7]). Saturation magnetization
in the bulk film is determined from thickness, stripwidth, and
collapse field measurements [8].

Accuracy of resonance field shift measurement is $10 Oe.
To determine H, to an accuracy of +10 Oe in the implanted layer,
thin films were implanted so that they had a negligible bulk layer.

Problems with mode overlap make measurement difficult on films

which have thick bulk layers with low anisotropy field values.
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THEORY

The total change in uniaxial anisotropy field AH, may be
attributed to magnetostriction due to implantation-induced strain
which creates a stress, and mechanisms independent of stress.
Th_e strain in the implanted film is measured directiy from x-ray
rocking curves. Applying a pressure to the sample, we are able to
measure an additional stress-induced change in anisotropy field,
BH”1. The additional strain in the implanted layer is the same as
the additional strain in the outermost layer of the GGG substrate.
The calculation of this strain is reported in the literature [9, 10].
If we assume that the stress-induced change in anisotropy field is
linearly proportional to the strain, we can separate the
implantation-induced stress effect from non-stress related change
in anisotropy field.

The average additional strain in the outermost layer of the
GGG substrate, obtained by integration over the conductor line

pattern is given by [6]:
Se = (1-v)/2 X 1.526 X 82/T2 x qlE (1)

where v is Poisson’'s ratio , 0.29 for GGG, 2 is the o-ring inner
radius, q is the applied pressure, T is the wafer thickness, and E is
Young's modulus. The ion implantation-induced strain can be found
from x-ray diffraction data using the following equation:

Ae = Ad/d X (1-v){1ev) (2)
where v is Poisson’s ratio in the implanted layer and Ad‘/dl is the

fractional change in lattice parameter in the direction normal to the

film plane, determined from Bragg condition and given by |
Ad/d = Af/tanfy (3)

where Af is the angular seperation between the film and implanted
layer peak and 08 is the Bragg angle. The average strain in the

direction normal to the film plane is given by [7):
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(4)
<ed = - Af (IyHI(‘l'sz)” + 7H2"n88)-1

where y,_, is the direction cosine for the diffracted wavevector.
Equstion (4) includes a correction which accounts for changes in
the direction and magnitude of the reciprocal lattice vector. We

can find the stress-induced anisotropy field change AH from:

Kstress

AH = Ae/de, X 3H,,, (5)

Kstress

To determine X,,,, we used the equation given by Wang et
al. [6]:

Xyyy = 47M T25H,, ,/28.762%q (6)
where T is the wafer thickness, §H,,, is the measured resonance
field shift due to the additional pressure-induced strain, q is the
applied pressure, and a is the inner radius of the supporting ring
which forms the vacuum seal between the microbox and the wafer.

The calculation of H, is described elsewhere [6].

RESULTS

The material parameters are given in Table I. These include
the magnetization 4nMs, characteristic length |, effective anisotropy
field He = HK-4nMs-2/3H1. lattice mismatch Aa_ = a_ - a,, crystalline
anisotropy field H,, and epitaxial film thickness t. 4»Ms and | were
determined from collapse field, zero-field stripwidth, and film
thickness measurements (8]. Films 1 and 3 are 1,m diameter
bubble material, whereas films 2 and 4 are 0.5 ym diameter bubble
material.

All of the films were implanted with 5 X 10'S/cmZ molecular
deuterium ions at 60 keV and 9.5 X 10'3/cm? atomic oxygen ions
at 110 keV. Film 1 was implanted twice with this dose. The

results of FMR and X-ray measurements are given in Table Il. The

average strain for films 2, 3, and 4 is the same. Difference in

1
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strain for film 1 is unexplained, but may be due to some unknown

difference in implant conditions. Implant thickness, determined
from Pendellosung interference [11], is 3500 g implant dose was
selected to give a 1.5 eV/R3 damage level [12). Fine tuning of
implant conditions to optimize the damage profile was not done.

In Fig. 1 experimental resonance field measurements for film
2 are plotted for bulk and ion implanted layer. Solid curves are
for calculated H, values, -115 Oe in the bulk layer and -40 Oe in
the implanted layer. Note that fit of experimental data to
theoretical curves is quite good.

The results for the impanted films are given in Table ). AH,
is the total anisotropy field change, as determined by separation
of bulk and main implanted layer mode resonance fields. AHK stress
is determined from resonance field shift of implanted layer mode.
<e¢> is the average stress normal to the film plane. In Fig. 2 AH

and AH are plotted versus average strain for film 1.

K stress

The linewidth and gyromagnetic ratio of the implanted layer
was not appreciably different from that in the bulk film for the
implant doses we investigated. Several resonance modes
associated with the implanted layer were observed, but only the
main mode was used for H., H,, and X,,, measurements.

The magnetostriction coefficient was determined to be -3.3 X
10 "% for the non-implanted layer on film 1 and -3.8 X 10" on
film 2. X, /M_was determined to be -6.14 X 1078 G™' on film 1
and -3.48 X 10”8 G~' on film 2, after implantation but 4rM_ was
not measured.

Straining the films caused approximately the same resonance

field shift for bulk and implanted layers for the same applied

pressure. For film 1, at 635 mm Hg pressure, we measured 85, 80




and 79 Oe field shifts for the non-implanted, singly, and doubly

implanted films, respectively. The resonance field shift for film 2
was 38 Oe for both non-implanted and implanted layers. This
implies that X.l”lMs is a constant so if M‘ is reduced by this
implant dose, then X,H must also be reduced proportionately.
DISCUSSION

The measurement of the implantation-induced stress
contribution to anisotropy field change is based on the assumption
that the stress-induced anisotropy field change is |linearly
proportional to the strain. By measuring the resonance field shift
due to the additional strain in the implanted layer , measuring
implant strain, and calculating the pressure-induced strain, we are
able to determine AHK due to implant strain. With this technique,

we do not need to know E, v, A or Ms in the implanted layer,

N
We expect that E and » will not change appreciably, while Ms is
expected to decrease.

The anisotropy field change AHE, does not saturate due to
use of deuterium as primary implant species [13). The deuterium
implant is used to create the deep level damage, and is the major
source of the measured anisotropy field change. The oxygen
implant is designed to make the strain near the surface of the
impianted layer match the strain in the deep layer caused by the
deuterium implant.

The anisotropy energy density due to stress is nearly the
same for both materials, but differences in Ms cause the stress-
induced anisotropy field to be higher for the 1 gym material. For
identical amounts of strain, AH  is 3200 Oe for film 3 and 1800

Oe for film 4, The anisotropy energy change is 975 X 103

ergs/cm3 for film 3 and 90.7 x 103 ergs/cm3 for film 4. Thus




within experimental uncertainty in 4"”: and AH, measurement, we
obtain the same change in energy density for different size bubble
materials implanted under identical conditions.

The contribution due to stress is related to X,,,/M. The
most significant difference between 1 uym and 0.5 ym materials is
in Ms, as X”, does not differ appreciably. The AHK stress
contributes approximately 2/3 of the total AHK for the 1 um
material, and 1/2 for the 0.5 ym material. The remaining portion,

not attributed to AH does increase with strain, from 810 Qe

Kstress’
for 0.86% strain to 1742 Oe for 1.27% strain for film 1. However,
this increase is more likely due to increased damage and disorder
created by heavier implant dose at higher strain levels, than due to
pure magnetostrictive effects.

H, decreases with implantation, from -155 Qe to -40 Oe for
film 1, from -115 Qe to -40 Oe for film 2, and from -115 Oe to -
25 QOe for film 4. The larger change in the 1 um material is
believed to be due in part to a lower exchange constant. We
suggest that the same mechanism which is responsible for change
in AH_ not related to stress, is acting to reduce H1 in the
implanted layer. The reduction of H, is indicative of disorder
being introduced into the crystalline material by the implantation.

CONCLUSION

Direct measurements of stress-induced changes in the
anisotropy field of ion-implanted magnetic garnet films has shown
that stress alone can not account for the total change in
anisotropy field. The additional change, which is believed to be
related to disordering of the crystal Iattice, is nearly the same for
1 pym and 0.5 um diameter bubble materials. A significant

difference in total anisotropy field change for the different size




bubble materials was found and is attributed to difference in
stress-induced anisotropy field change which is inversely
proportional to AnMs. It was found that )\1”/M‘ remained
constant in implanted layers of films investigated, indicating that
any change in X,,, is proportional to a change in ans. Finally, a
substantial reduction of H‘ with implantation was found which is in
agreement with the trend of the crystal structure becoming
disordered by the implantation.
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Table L Material Parameters

Film  4sM_ | He As, H, t

1 636 (G) .136 (um) 1060 (Oe) +.002 (R -160 (Oe) 1.26 (ym)
2 1370 .057 580 =012 =115 0.5

3 766 .113 1009 -.003 -155 .39

4 1266 059 558 0.000 -118 .85

Film Compositions

13 Yos SMp3 Gdpg Tm, 5 Fe,gq (Al Galy 35 Oy,

2.4 Yio SMoas Gdgz Tmy 25 Fegg Alg, Oy




Film-implant <ed> AH,
1-1 0.86 (%) 3033 (Oe)
1-2 1.27 4950
2. 0.70 1963
3 0.71 3200
4 0.70 1760

Table It: implanted Film Results
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THE EFFECT OF ION IMPLANTATION ON EPITAXIAL MAGNETIC GARNET THIN FILMS

Alberto M. Guzman, Charles S, Krafft, Xubin Wang, Mark H. Kryder
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213, USA

ABSTRACT
Recently investigators have reported that ion implantation of magnetic garnet
films causes magnetostrictive effects related to stress as well as effects not
directly related to stress, such as the suppression of growth-induced anisotropy
[1). This suppression occurs especially in the case of heavy dose implantations,
such as 2 X 10“ atlcmz Ne for example. We report here on the measurement of
the stress contribution to implantation-induced anisotropy field change and the
r total anisotropy field change in films which have compositions suitable for 1 ym
and 0.5 ym diameter bubbles. We also report on the measurement of the
crystalline anisotropy field in the implanted layer. Films were implanted with
deuterium and oxygen ions. Motivation for A»this cthoice is discussed.
INTRODUCTION
lon implantation of magnetic garnet epitaxial thin films has received
considerable attention since its use in altering the magnetic anisotropy of garnet
crystals was first reported in 1971 [2]). Implantaiion has been used for hard
bubble suppression and in the fabrication process for contiguous disk bubble
devices [3]). The effects of implantation have recently been the subject of
numerous investigations [4, 5, 6, 7). Selection of ijons and of implantation
E conditions has been based to a large extent on experimental results. The
i understanding of the implant mechanisms has lagged behind its application due in
E part to the complex nature of these mechanisms and difficulties in characteriziny
implanted layers.
As techniques are developed and applied to characterization of implanted
garnet films, more of the uncertainties regarding the implant mechanisms are

being revealed. One goal of these investigations is to reach a better

understanding of the implantation process so that implant conditions and ion




species may be selected to provide optimal properties for submicrun diameter
ion-implanted bubble devices.

We report on the use of newly improved ferromagnetic resonance
characterization techniques to determine the crystalline anisotropy field H, in the
implanted layer, and to determine the stress contribution to the implantation-
induced uniaxia! anisotropy field change.

BACKGROUND

Magnetic garnet films are grown by liquid pha'se epitaxy (LPE) on non-
magnetic garnet substrates, such as (111) oriented Gd; Gag O,, (GGG) [8]. By
choosing the appropriate rare earth ions in the [RE.]; Feg O,, garnet formula and
the growth conditions, one can produce a film which has a uniaxial anisotropy
energy density of the form

Ecx K, sin?6 (1
where # is the angle between the magnetization M and film norma! and Ky is the
uniaxial anisotropy parameter. |If E exceeds the demagnetizing energy density of
the film 2uM32, where 4-M, is the saturation magnetization, the magnetization
will be oriented perpendicular to the film. The predominant factor contributing to
the uniaxia' anisotropy energy is believed to be the preferential ordering of the
large and small rare-earth ions during growth [9]. In addition to the growth-
induced anisotropy energy, there is a stress-induced anisotropy energy which is

| attributed to magnetostrictive effects. For films with a negative magnetostriction

coefficient (X,,,). which is typical for most of the commonly used bubble
compositions, 8 compressive stress will create a negative stress-induced uniaxial
anisotropy energy which opposes E,.

instead of discussing changes in anisotropy energy density, one often
speaks in terms of the anisotropy field H.=2K,/M,. In an otherwise isotropic
material, so long as H, > 4rM,, the demagnetizing field of the film, the
magnetization will lie perpendicular to the film plane. Garnet films, being cubic

crystals, also exhibit a cubic crystalline anisotropy field H,, which adds to the




uniaxial anisotropy and demagnetizing fields in such a manner that the totai

effective anisotropy field of a garnet film is
He = HK-A'M'-(213)H, (2)

The effects of ion implantation include displacement of oxygen cations and
other garnet ions from their regular lattice sites and the formation of dislocations
before thermal annealing [10). The strain in the implanted layer is attributed to
the displacement of the atoms in the lattice due to nuclear stopping of the
implanted ions [11] and the presence of the implanted species. Since the film is
constrained laterally by the substrate, it deforms by expanding slightly in a
direction perpendicular to the film plane. The compressive stress in the plane is

given by:
o = El1-v) X Ad/d (3)

where E is Young's modulus, v is Poisson’'s ratio, and Ad/d is the fractional
change in lattice parameter in the direction normal to the film - plane.
Aa/a = (1-vM{1+v) X Ad/d is the corrected strain, which accounts for the film
being constrained laterally by the substrate. We assumed that E and v in the LPE
film were equal to E and v in the GGG substrate. The stress gives rise to an

energy:
Exs=(3/2)0 ) 4 y,5in?6=K,sin?8 ' (@)

which describes an anisotropy with hard axis perpendicular to the fi!m plane since
X111€0 and o>0 perpendicular to the plane. The total anisotropy energy density

is given by:
E = E¢ + Ey : (5)

With sufficient implant dose, Ey, + Eyx will be less than 2nMs2, causing the
magnetization to lie in the plane of the film. The in-plane raragnetization layer
provides flux closure, preventing the formation of hard bubbles [3], and will
support charged walls, which are the basis for contiguous disk (C.D.}] bubble
device propagation [12]). The ion-implanted garnet is shown schematically in Fig.

1. The gold or photoresist pattern on the surface serves as an impiantation mask.
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In the implanted regions there is an in-plane magnetization M. As there is a
discontinuity in M at the implanted-nonimplanted boundsry, magnetically charged
walls are formed, as shown in Fig. 1. Bubbles are attracted to the edge of the
implanted pattern and to the charged walls. When a rotating in-plane field is
applied, the charged walls move around the implanted patterns, and thus propagate
the underlying bubbles. The thicknesses given in Fig. 1 are for a 1 ym diameter
bubbie device.

The implant dose for C.D. devices must be enough so that the change in
anisotropy field exceeds the effective uniaxial anisotropy field Hg. Typically, a
higher imptant dose is used than that required to make Hg zero in the implanted
layer, The optimal anisotropy field change is determined by experimentally
finding the maximum range in bias fields over which a device will operate. The
optimum dose for hard bubble suppression is generally in the range which is
sufficient to create a layer with in-plane magnetization. 700 high a dose will
cause the garnet to become paramagnetic, resulting in a lower collapse field due
to a shortening effect on the bubble height, and the reappearance of hard bubbles
[13).

Hydrogen and deuterium have been found to exhibit 8 linear dependence of
the impiantation-induced anisotropy field change on implant dose. All other ions
exhibit a linear dependence at low to moderate doses, hut the anisotropy field
change is found to saturate at high doses [14]. Hydrogen and deuterium ions
lose their energy predominantly through electron interactions, whereas all other
ion species have a significant nuclear energy loss. In Table |, we list values for
mean projected range, projected standard deviation, and nuclear and electronic
energy loss for deuterium at 60 keV and oxygen at 110 keV [15].

The choice of deuterium and oxygen as implant species in our investigations
was based on several factors. The main advantage of the deuterium implant is
the non-saturation of the change in anisotropy field with implant dose. The

necessary anisotropy field change increases as bubble diameter decreases, making
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deuterium a preferred ion species for submicron diameter bubble devices [14). A
disadvantage of the deuterium implant is the diffusion of implanted ions out of
the film upon annealing. This can be prevented by depositing a SiO, layer on
top of the implanted layer [16]). Compared to hydrogen, deuterium requires 1/2
the dose and thus 1/2 the implantation time, which can be considerable at low
current levels necessary to prevent self annealing. Molecular deuterium ions, with
mass 4, are used instead of atomic deuterium ions, reducing the required dose by
another factor of two. Oxygen implant is used to make the strain at the surface
of the garnet equal to that due to the deep level deuterium implant. Oxygen
implant time is considerably shorter than deuterium due to the lower dose
required. The combination of ion species is more efficient than using different
energies with the same species to achieve a uniform strain profile.

Recently, it has been suggested that the stress-induced contribution to the

uniaxial anisotropy field change is linear with implant dose, while the intrinsic

growth-induced anisotropy is suppressed at typical device dose levels, Ne 2 X
10”/cm2, regardless of its initial value [1]. This implies that a significant
reduction in the anisotropy field is due to non-stress related mechanisms in films
with a large growth-induced anisotropy. Thus the anisotropy fieid change
necessary for submicron diameter bubble devices will be realized by a
combination of effects.
EXPERIMENTAL TECHNIQUES

Garnet films were implanted with molecular deuteriurr. and atomic oxygen
ions, Current density ranged from 0.3 ﬂA/cmz to 1.0 ,uA/cmz. The ion beam is
scanned at frequencies of 4000 Hz vertica! and 300 Hz horizontal over a 7.6 cm

diameter area. Beam diameter is approximately 1.3 cm. Samples are attached to

a silicon substrate with bees wax. The Si wafer is then placed on the wafer

chuck. There is no cooling system on the chuck.

Measurements of anisotropy fieids and the magnetostriction coefficient

(x114) were carried out on full wafer, one inch diameter garnets in a wide band




resonance spectrometer with a microstrip transmission line [17]. A block
diagram for the spectrometer system is shown in Fig. 2. The microbox structure
and serpentine conductor pattern are shown schematically in Fig. 3. The high
sensitivity of the microbox structure, attributed to the use of & long, serpentine-
shaped conductor, placement of the sample between the conductor and the ground
plane, and use of an inner/outer DC block, enables us to make measurements on
thin icn-implanted layers.

The ferromagnetic resonance (FMR) condition for the field applied along the

[111] direction, normal to thé film plane is give by:
o = y(H + H) A (6)

where o« is the angular velocity of spin precession, which is equivalent to the
microwave frequency, y is the ratio of the magnetic moment to the angular
momentum, and H is the external field. Thre zero-field intercept of the resonance
field versu's frequency plot divided by the slope y gives the effective aniAsotropy
field H; = H, - 47M_ - (2/3H,. H, is calculated from the angular dependence of
the resonance field at a fixed frequency [18].

The magnetostriction coefficient X,,, is determined from the resonance
field shift 8M,,,. which is caused by applying a vacuum pressure to one side of
the wafer [17). The resonance field shift is related to \,,, divided by the
saturation magnetization by the following expression which we derived to

determine X,,, in non-implanted films:

M y11/4n M, = 3H,,, T2 /28.76a” q (7)
where T is the wafer thickness, a is the inner radius of the supporting o-ring
which forms a vacuum seal with the wafer, and q is the applied pressure. 8H,,,
is linear with strain, as shown in Fig. 4. Saturation magnetization 4»M, in the
bulk film is determined from thickness, stripwidth, and collapse field
measurements [19]).

Film thickness t, is measured with a reflectance spectrometer by the

interference method.  Strain due to implantation and lattice mismatch Aa =

3



8 bstrate ~ Bfum 87€ Measured with a double crystal x-ray diffractometer using (888)
reflection with Cu-K,, radiation. The stress is determined from the measured
strain [20].

The uniaxial anisotropy field change AHg = Hg ,, = He impianiea iS determined
from the resonance field separation of main implanted layer mode and bulk mode
measured at the same frequency. The total AHg may be attributed to
magnetostriction due to implantation-indnlced stress and mechanisms independent
of stress. From the resonant field shift measurement we determined the stress-
induced change in anisotropy field due to ion implantation. By comparing the
total anisotropy field shift due to implantation with the sanisotropy field shift in
the implanted layer produced by applying tension to the wafer, it is possible to
determine the portion of the total anisotropy field shift which is due to stress-
magnetostrictive effects.

The determination of the stress-induced contribution to the anisotropy field
change is made from the following equation:

AHy iress = A€ildeg X S8Hyyq, (8)
where 3¢, is the average additional strain in the outermost layer of the GGG

substrate and is given by [17]:
Seg = (1-v)2 X 1526 X a%/T? x qlE (9)

where T, a, and q are the same variables as those used in Eq.7). The ion
implantation-induced strain Ae¢, determined from x-ray diffraction measurements,
is given by:

Ae, = Ad/d X (1-v)(1+v) ' (10)
where v, is Poisson’s ratio in the implanted layer, which we assume does not
change from that in the bulk film. Ad/d is determined from angular separation
between film peak and the location in the peaks due to the implanted layer
corresponding to the average strain. Equation (10) accounts for the fact that the

film is constrained laterally by the substrate.




RESULTS

The material parameters and compositions for the films we investigated are
given in Table Il. Film compositions are estimated from the melt composition
using the assumption of unity segregation coefficients for the rare-earth oxides.
The composition of films 1 and 3 is suitable as 1ym diameter bubble material,
whereas that of films 2 and 4 is suitable as 0.5 ym diameter bubble material. All
of the films were impianted with 5 x 10'S/cm? molecular deuterium ions at 60
keV and 9.5 x 10'3/cm? atomic oxygen jons at 110 keV. Fiim 1 was implanted
two times with this dose. Implant dose was selected to give a 1.5 eVIA3
damage level [18]). Fine tuning of implant conditions to optimize the damage
profile was not done. No profile of 4sM; or H, was obtained. These are most
likely not uniform through the implanted layer thickness. The results of FMR and
x-ray measurements are given in Table |il. The average strain <e¢), for films 2, 3,
and 4 is the same. Difference in strain for film 1 is unexplained, but may be due
to a difference in implant conditions or annealing. Implant thickness, determined
from Pendellosung interference [21] is 3500 g.

The FMR linewidth and gyromagnetic ratio of the implanted layer was not
appreciably different from that in the bulk film for the implant doses we
investigated. Several resonance modes associated with the implanted layer were
observed, but only the main mode was used for AHg, H,, and X,,, measurements.
We did not attempt to estimate the uniformity or change in 4sM, from the
resonance spectrum.

To establish the effect of annealing during implantation on film properties,

we implanted two identical films with the same dose and energy (5 X 10'5

2 @40 keV) at different current densities. The results are given in Table

D,"/cm
IV. The current density for film 6 was three times that for film 5. The 42M, for
both films is 1350 G. Film thickness is approximately 0.4 ym, as estimated from
growth time and rate. Projected implant range is 3500 f\ [15). The annealing

effect is seen in difference in AH;, and in the average and maximum strain. For

L.




film 6, wiuch has the higher implant current, the change in anisotropy field is
about 200 Oe less than that for film 5. Furthermore, the range in the maximum
strain, determined from the angle at which x-ray rocking curve rises up from zero
on the low angle side, to the angle at which the maximum in the first peak on
the low angle side occurs, referenced to the LPE film peak, or substrate if there
is no separate film peak, is smaller on film 6, indicating that some annealing is
occuring. The error margin on the determination of maximum strain is typicaily
10% as determined by S/N ratio of x-ray detector and diffraction conditions as
governed by sample alignment parallel to the plane of x-ray beam.

Stress applied to the films caused approximately the same resonance field
shift éH,,, for non-implanted and iﬁwplamed layers. This implies that X,,,/M, is
nearly constant for implant doses used here. Fcr film 1, at 635 mm Hg applied
pressure, we measured dH,,, of 82 Oe for the non-implanted, singly, and doubly
implanted films. &H,,, for film 2 was 38 Oe for the non-implanted and implanted
layers. The magnetostriction coefficient was determined to be -3.3 x 107% for the
non-implanted layer on film 1 and -3.8 x 1078 on film 2. In the impianted layer,
X 71/M; was determined to be -6.14 x 1078 G~ on film 1 and -3.48 x 1078 G~
on film 2, but 4rM; was not measured. Thus if M, is reduced by this
implantation dose, then X,,, must also be reduced proportionately. The accuracy
for 5H,,, measurement is * 5 Oe.

Evidence for the linearity of the stress-induced anisotropy field shift is
shown in Fig. 5. As the total anisotropy field change is linear with strain, we
expect its components to also be linear with strain.

The anisotropy energy density due to stress is nearly the same for both 1
pm and 05 um materials, but differences in M; cause the stress-induced
anisotropy field to be higher for the 1 ym material. For identical amounts of
strain, AHg is 3200 Oe for film 3 and 1800 Oe for film 4. The anisotropy energy
change AK,*%:M, x AHg is 97.5 x 10° ergsicm® for film 3 end 90.7 X 10°

ergslcm3 for film 4, assuming M, is the same in the bulk and implanted layer.
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Thus.within the expc.imental uncertainty in 4-M, and AHg measurement, we
observed the same change in energy density for different size bubble materials
implanted under identical conditions.

The portion of the total anisotropy field shift due to stress is proportional
to X,,,/M,. As can be seen in Fig.6 the total AH; for the 1 ym material (Film 1)
is higher for the same amount of strain than the 0.5 ym material (Films 2,4), due
to a lower 4rM; for the 1 ym material. \,,, is nearly the same for both
materials. The AHy,, .. COntributes approximately 2/3 of the total AHg for the 1
pm material, and 1/2 for the 0.5 uym material. The remaining portion, not
attributed to AHy [ ..., increases with strain, from 810 Oe for 0.86% strain to 1742
Oe for 1.27% strain in film 1. This increase is attributed to increased damage and
disorder created by heavier implant dose. Apparently the change in anisotropy
created by this mechanism is also linear with strain. The uncertainty is
determining AHy 'ﬂ,ess, is spproximately * 100 Oe.

Results for H, measurement are given in Table !l for the bulk layer and
Table Il for the implanted layer. Iin Fig. 7 experimental resonance field
measurements for film 2 are plotted for bulk and ion implanted layer. Solid
curves are for calculated H, values. The fit of the experimental data to the
theoretical curves is quite good. H, decreases with implantation, from -155 Qe to
-40 Oe for bubble film 1, from -115 Oe to -40 Oe for film 2 and from -115 Qe to
-25 Oe for film 4. The larger change in the 1 ym material is believed to be due
in part to a lower exchange constant. The reduction of H, is indicative of
disorder being introduced into the crystalline material by the implantation. We
sugjest that the same mechanism which is responsible for the change in AHg not
related to stress, is acting to reduce H, in the implanted layer.

CONCLUSION

Direct measurement of stress-induced changes in the anisotropy field of ion

implanted magnetic garnet films has shown that stress alone can not account for

the total change in anisotropy field. The additional change, which is believed to
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be related to disordering of the .. ystal lattice, is nearly the same for 1 ym and
0.5 um diameter bubble materials. A significant difference in total anisotropy
field change for the different size bubble materials was found and is attributed to

differences in stress-induced anisotropy field change which is inversely

proportional to 4sM,. For any given film composition, it was found that ,,,/M,
remained constant in the implanted layers, indicating that any change in Xy, is
proportional to a change in 4sM,. Finally a substantial reduction of H, with
implantation was found, in agreement with the trend of the crystal structure
becoming disordered by implantation.
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Fig. 1: lon Implantation of a Magnetic Garnet Epitaxial Thin Film

Fig. 22 Schematic Diagram of the Wideband Resonance Spectrometer for FMR
Measurement

Fig. 3: Microbox Structure and Serpentine Conductor

Fig. 4. Resonance Field Shift §H,,; Versus Applied Pressure g
for a Non-Implanted Film

Fig. 5: Total and Stress-Related Anisotropy Field
Change versus Average Strain for Film 1

Fig. 6: Anisotropy Field Change versus Average Strain for 1.0 ym and
0.5 ym Diameter Bubble Materials

Fig. 7: Experimental Resonant Field Data and Theoretical
Resonant Field Curves Versus Applied Field Angle for
Calculated H; Values
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Table I: Parameters for Deuterium and Oxygen lons in Garnet [15]

lon Energy Projected Standard
Range Deviaticn
keV Rp (ugm) ARp (um)
Deuterium 60 .492 .102
Oxygen 110 .136 .081

Etectronic Cross Sections of Lindhard, Scharff. Schiott

Nuclear
Energy Loss

keV/ym

1.09

194.4

Electronic
Energy Loss
keV/uym
1371

440.1




Table Il Material Parameters

Film 47 M, | He Aa, H, t

1 636 (G) .136 {ym) 1060 (Oe) +.002 1) -160 (Oe) 1.26 (ym)
2 1370 .057 580 =012 -115 0.5

3 766 113 1009 -.003 -155 .38

4 1266 059 558 0.000 -115 .85

Film Nominal Diameter Compositions

1.3 1 4m Yog SMg3 Gdgg Tm, 3 Fegsgs (Al Galgag Oy,

2,4 0.5 ym Y10 Smpas Gdp3 Tm, o5 Feyg Algy O3
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Table ll: tmplanted Film Results

Average Strain AH,

<ed

0.86 (%) 3033 (Oe)
1.27 4950

0.70 1963

0.71 3200

0.70 1760

AHK stress

2223 (Oe)
3208
870

Hy

-40 (Oe)

-40

-25
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Table IV: Effects of Currciit Density on Film Parameters for 5 X 1
Deuterium ions/cm? Implanted at 40 keV

Parameter Film & Film 6
Current Density 0.33 pAlcm? 1.0 yA/em?
He bulk 752 Oe 793 Oe
AHg 2382 Oe 2110 Oe

€ max .75% - .89% 73% - .82%

<¢d> 0.67% 0.64%
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MAGNETO-OPTIC PHOTOMETER

The Magneto-Optic Photometer (MOP) is an instrument used to measure the local magnetic
properties of small areas in magnetic films. Employing an argon laser as a light source and a

photomultiplier as a detector, the MOP utilizes the Faraday or Kerr effect (when polarized light :
passes through or is reflected off a magnetic material the polarization rotates depending upon the
magnetization direction in the material) 1o detect the magnetic response of a material to applied
magnetic fields. The MOP employs a microscope to focus the polarized laser beam to a very
small spol on an experimental sample while magnetic fields are applied to the sample. A change
in the rotation of the light polarization due to a change in the direction of magnetization in the
sample causes an intensily change in the light after it passes through an analyzer (a polarizer set
al about 90 degrees to the original polarization.) The photomultiplier (PMT) converts the
intensity into a voltage. The variation of the voltage with applied fields gives information about
the matenals magnetic characteristics - anisolropy, coercivity, etc. To enhance sensitivity, ac
ficlds are usually used to excile the magnetization at a set frequency and a lock-in amplifier is
used to extract the signal from the photomultiplier. A more complete description can be found in
the report of one year ago.

MODIFICATIONS

The magneto-optic photometer system has been upgraded by the acquisilion of a Leitz MPV
photometric microscope system. This system has the capability of doing small spol measurements
with the use of an apertured measuring diaphragm inserted into the image plane of the microscope
(Fig. 1). The diaphragm allows the photomultiplier (PMT) to see only that portion of the image
that is revealed by the aperture. By using a pinhole aperture of 70u4m in the image plane and a
100X objective lens along with a tube factor of 1.6X, the measuring area (the effective spotl size)
is reduced to a diameter of 70um/ (100X1.6) = 0.44 ym. Being able to make measurements on
such a small area allows us to accurately map magnelic parameters as a function of position in
devices such as ion-implanted contiguous-disk bubble memories or magnetic recording heads.

The magneto-optic photometer system has also been expanded to allow measurements to be made
on transparent magnetic media such as ion-implanted bubble garnets using transmitted light.
Before this modification, measurements on the planar magnetization of ion-implanted garnets were
made using light reflected at an angle off the ion-implanted surface of the garnels. However, the
magneto-optic effect in garnets using reflected light is complex in analysis and is nol as strong
as the effect with transmitted light. The medification which allows the use of transmitted light
consists of a substage assembly (Fig. 2) which holds and positions & polarizing prism and a
microscope objective under the standard microscope stage supporting the coil assembly and sample.
The laser beam is transmitled up through the polarizer and the lens to the sample, where it
undergoes Faraday rotation. After the hght passes up through the sample, it is received by the

usual microscope optics and is analyzed and delected. The substage assembly is capable of
translation in any of the three principle direclions and allows rotation of the polarizing prism
about the optical axis. In order to give the light beam the angle necessary to detect planar
magnetization, the beam is moved off of the substage assembly's optical axis so that the
transmitting lens causes the beam to pass through the sample at an angle. Compared to the use
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of reflected light, the use of transmitted light has given an order of magnitude increase in the
signal-to-noise ratio. The substage assembly was designed to allow the quick and easy conversion
from transmission photometry to reflection pholometry and vice versa,

The high frequency dynamics of magnetic materials may also be investigated with the magneto-
optic photometer. High frequency magnetic fields (up to 50 mHz) can now be applied 1o a
sample by a coplanar waveguide powered by an RF amplifer and an oscillator. The
coplanar waveguide provides a high frequency in-plane magnetic field along the incident plane of
the light (refiection photometry must be used). The magnetic response (the Faraday rotation) to
the high frequency field is measured using the usual microscope optics and the PMT. However,
the resistive load of the PMT output is decreased for high frequency measurements so that the
PMT can react to the quickly changing light intensity. A lock-in amplifier is used to detect the
magnitude and phase of the magnelic response at the applied field frequency. Since it is usually
desirable that memory devices be operated at as high of a frequency as possible to minimize
access time, knowledge of the dynamic characteristics is essential. This high frequency capability
has been used to make dynamic measurements on permalloy thin films with good success.

CURRENT RESEARCH
1. Effect of crystalline alignment in ion-implanied bubble devices:

The garnet films typically used in ion-implanted devices have cubic crystalline symmetry and
are oriented with a <111> crystal axis perpendicular to the film. When a perpendicular bias
field is applied to the film so as to stabilize bubble domains, the in-plane magnetization of the
drive layer is subject to the forces of the crystalline anisotropy which result in three equally
favorable directions for the magnetization - a threefold symmetry. Misalignment of the film so
that the {111] axis is al some angle to the film normal will cause deviations from the threefold
symmetry. The effects of these deviations upon device operation are not known; the effects could
be detrimental or they could even be beneficial. In cooperation with the Laboratoire
d’Electronique et de Technologie de I'Informatique in Grenoble, France, we have oblained a
number of ion-implanted garnet films which have their [111] axes tilted at some kmown angles
from the film normal. We have developed a theoretical model for the magnetic anisotropy that
should have formed as a result of the tilt and we are doing magneto-oplic experiments o measure
the character and magnitude of the anisotropy.

The theory is based on general symmetry considerations of the cubic crystalline structure and
the direction of film growth. For a film grown with its normal at a small angle, y, from the

[111] direction and toward the [112] direction, the in-plane anisotropy energy is approximated

by

E(g) = y sinfcosf 4/3 KA cosg
+ y sin'f 2/3 KA cos 2¢
- sin*fcosf 2/3 K, cos 3p
-y sin'd 2/6 K, cos 4¢




where K, is the crystalline anisotr~py and KA is an anisotropy due to growth conditions and ion-
implantation, & is the polar angle of the magnetization from the film normal and ¢ is the
azimuthal magnetization angle from the [112] projection into the film plane. When there is no
tilt (y = 0) nolice that only the threefold term of the azimuthal angle (cos 3¢) remains.
However, as the tilt is increased the other terms become increasingly important. Because KA is
likely to be significantly larger than K,. it may nol require a large tilt, y, before the KA terms
become important in determining the behavior of the magnetization in the ion-implanted layer.

Figure 4 presents the results of an experiment used to determine the characteristics of the in-
plane anisotropy. In this experiment a small oscillating ficld is applied in the film planc along
the direction of the light beam (i.e. along the y-axis of our laboratory system). A larger field,
Hy, is applied also along the y-axis and is slowly varied (ramped). The MOP output is plotted
as a function of the larger field, Hy. A DC in-plane field, Hx, applied perpendicular lo the
other fields (along the x-axis) is changed in steps and a plot is made for each step. The
compilation of plots gives the output versus in-plane fields Hx, Hy. The data in Fig. 4 is
arranged to give a three-dimensional effect. The peaks in the plots correspond to the
magnetization switching between a pair of easy direction:

The data in Fig. 4 is for a film grown without tilt, y = 0. Therefore, the dominant
anisotropy is the K cos3g term, giving rise to three easy directions. Notice that in Fig. 4 there
are three ‘‘ridges™ of peaks. [Each of these ridges corresponds 1o switching between a specific
pair of the three easy directions. There are three such pairs, so there are three ridges.

In Fig. 5 the same kind of data is presenled except that the sample was grown with a tilt of
y = 5.1°. Instead of three ridges there 1s only one ridge. Prehiminary considerations suggest
that this may be due to the dominance of the KAcos2g term, which gives only two easy
magnetization directions and hence only one pair between which there may be switching. Further
measurements will be made to delermine the values of K, and KA and to ascertain the effect of
crystal orientation on device operation.

11. Effect of Stress Relaxation of lon-Implanted Propagation
Pattern Edges

Ton-implantation of contiguous-disk drive layers serves to convert perpendicular magnetization to
planar magnetization through magnetostriction.  The ion-implantation causes planar compressive
stress which results in a negative uniaxial anisotropy perpendicular to the film. However, at a
boundary between implanted areas and non-implanted areas, (such as at the edge of a propagation
pattern) there is stress relief perpendicular to the boundary. The resultant stress at the boundary
is no longer a planar compression, bul becomes effectively a uniaxial compression parallel to the
boundary. The magnetic amisotropy which results is 8 umaxial anisotropy with the easy axis along
the boundary plus a unidirectional anisotropy - the direction of which depends upon the
orientation of the boundary with respect to the crystal. The energy equation describing these
anisotropies is:

E(p) - =o(X, sk ) sin’fcos’(p-y)

2 )
A1, = 35X 00 sipfcosBcos(p+2y)

.
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where o is the uniaxial stress along the boundary, xm and Xm are the magnetostriction
constants of the garnel, § and ¢ are the polar angle and the azimuthal angle (from [112]) of

the magnetization, and y is the angle of the boundary from the [115] direction (see Fig. 7).

The uniaxial anisotropy at the boundary is very imporlant to the formation of the charged walls
used to propagate the bubbles in the underlying storage film. The anisotropy stabilizes the
charged walls by overcoming the demagnetizing ficld emanaled by the wall. With distance from
the boundary, the uniaxial stress gradates to become the planar stress in the “bulk™ of the film.
Because of this, the in-plane umaxial anisotropy decreases with increasing distance from the
bounda:, and bence resulls in ths charged wall extending only a short distance from the boundary
before it bends to become uncharged. We have been using the MOP to measure anisotropies as a
function of distance from non-implanted areas. We inlend to detect the presence of this stress
anisotropy. and determine how it varies with distance from the boundary and around propagation

patterns.
The plots in Fig. 6 illustrate how the anisotropy changes as a funcliop of distance from a
straight boundary. These plots are similar to those in Figs. 4 and 5 (th eugh the experimental

sample is different) and were taken on an area far from the boundary (Fig. 6a), 12.5 pm away
from the boundary (Fig. 6b), and on an area right at the edge of the boundary (Fig. 6¢). The
data in Fig. 6a is similar to that in Fig. 4 in that, far from a boundary, the threefold
magnetocrystalline anisotropy is the dominant force. Here again there are three ridges: two
coming loward the viewer and one receding. Near (o the boundary, siress relief and
demagnetizing effects give rise to a uniaxial amsotropy. The uniaxial anisotropy increases with
proximity to the boundary and becomes dominant over the threefold crystalline anisotropy. For
the data in Fig. 6, the uniaxial anisotropy is such that it favors the pair of magnetization
directions whose switching causes the receding ridge in 6a. As a result, as one nears the
boundary (i.e. as the uniaxial anisotropy increases), the receding ridge is seen to grow at the
expense of the other two ridges. The peaks at H = +4 in Fig. 6b are closer together than the
peaks at Hx = +4 in Fig. 6a. Ths is because the receding ridge extends further along the Hx
direction in Fig. 6b. A line has been drawn at the base of each ridge to show that the ridges
intersect at about Hx = 2.5 Oe in Fig. 6b, whereas they intersected at Hx = 0 in Fig. 6a. As
measurements are taken closer to the boundary, this inlersection point is found to move further
out along Hx. In addition, the angle between the two unfavored ridges decreases as the two
ridges merge into one. In Fig. 6¢c, the uniaxial anisotropy has become completely dominant and

only one ridge is present.

These experiments show that there is a uniaxial anisotropy along the boundary; however, it is
yet to be determined by experimentation what the cause of the anisotropy is - demagnetizing
effects alone or demagnetizing effects plus stress relief effects. This will be ascertained by
measurement of the magnitude of the anisotropy which will be compared to theoretical estimates
made for both effects.
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THE EFFECTS OF STRESS RELAXATION AND ANISOTROPIC
MAGNETOSTRICTION ON CHARGED WALLS IN

10N IMPLANTED GARNETS*

M. H. ¥Xryder and D. A. Saunders
Electrical Engineering Department, Carnegie-Mellon
University, Pittsburgh, PA 15213

Introduction

This paper reviews present understanding and presents new data on the ef-
fects of ion implantation on garnet materials and on the mechanisms giving
rise to charged walls at boundaries between implanted and unimplanted regions.
Data strongly indicate that uniaxial anisotropy parallel to pattern boundaries
and due to stress relaxation near pattern edges is necessary for the formation
of charged walls®. Furthermore, it is shown that, whereas early researchers
ascribed the 3-fold symmetric behavior of charged walls in the ion implanted
layers of (111) oriented garnets to magnetocrystalline anisotropy, anisotropic
magnetostriction is dominant in determining the anisotropic behavior of char-
ged walls?‘3,

Measurement Techniques

Transmission electron diffraction (TED), Ferrofluid observation of char-
ged walls, measurements of crystalline anisotropy in ion implanted layers of
garnet with ferromagnetic resonance (FMR), and measurements with a small spot
(0.5um) magneto-optic photometer all were used to gather data on the behavior
of the magnetization and of charged walls in the ion implanted layers of gar-
nets.

The small spot magneto-optic photometer uses the Faraday magneto-optic
effect to measure the response of the inplane magnetization in the ion implan-
ted layer to applied fields. A focussed plane-polarized laser beam transmit-
ted through the substrate and film at an angle of about 20 degrees to the film
normal is used as the light source for a polarized light microscope. A pin-
hole aperture in the magnified image plane of the microscope makes possible
measurements in areas as small as 0.5um. The magnetization in the film is
modulated by the application of an inplane field at a set frequency. The re-
sultant modulation of the light polarity is detected using an analyzer, a
photomultiplier and a lock-in amplifier.

Stress Relaxation at Pattern Boundaries

Data supporting recent modelsl, which suggest that uniaxial anisotropy
resulting from stress relaxation perpendicular to boundaries between implanted
and unimplanted regions is necessary for the formation of charged walls, are
presented. Transmission electron diffraction data confirm the stress relaxa-
tion. Observations of charged walls using Ferrofluid show that charged walls
form only when the sign of the magnetostriction constant is appropriate to
produce an easy axis of magnetization parallel to the boundary“. Furthermore,
measurements of the anisotropic behavior of the magnetization as a function of
distance from a pattern boundary with the magneto-optic photometer show that,

Category 1 M. H. Kryder
Carnegie-Mellon University
Electrical Engineering Dept.
Pittsburgh, PA 15213
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as the boundary is approached, the anisotropy chang.us from 3-fold symmetric
to 2-fold symmetric with an easy axis parallel to the boundary. A uniaxial
anisotropy component may be detected as far as 50um away from a long straight
boundary; however, it dominates over the tri-directional anisotropy only
within a few microns of the boundary.

Anisotropic Magnetostriction

Contrary to early suppositions, it has been found that magneto-crystal-
line anisotropy plays a relatively minor role in determining the 3-fold sym-
metric behavior of charged walls. Instead, the effects of anisotropic magne-
tostriction are much more important. Stress relaxation near a pattern edge
produces, in addition to uniaxial anisotropy, an anisotropy which varies as

(o} (Aloo - klll)cos3¢

where 0 is the uniaxial stress, Ajpp and 1;;; are magnetostriction constants
and ¢ is the angle which the normal to the boundary edge makes with respect to
a [112) direction. The dominance of anisotropic magnetostriction over magne-
tocrystalline anisotropy was found to be increased by ion implantation. Using
FMR it was found that whereas 2Kj/M decreased by a factor of three during im-
plantation, A31)/M remained constant.

Conclusion

This new understanding of the role of magnetostriction in the formation
and behavior of charged walls suggests that more attention should be paid to
the magnetostriction constants of materials used for ion implanted devices.
For example, with the proper choice of }yyy = ;9o nearly isotropic charged
wall behavior is expected. Problems in device design associated with the
anisotropic behavior of charged walls would then be reduced.
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ABSTRACT

In this project, thin films of NiCoB were fabricated by RF sputtering employing two
decoupled plasmas. Thicknesses from 500 A to 11,000 A were obtained by
sputtering at 100 to 600 watts for 35 to 600 minutes.

The composition of the sputtered films was determined by spectrochemical analysis
using the electron microprobe. Accuracy on all elements was on the order of 1%.
In addition, energy dispersive spectra were obtained to detect impurities in the films.

Measurements of the saturation magnetization were made with a force-balance
magnetometer and were found to vary between 0 and 5300 Gauss and to be a very
strong function of the boron content of the film. Anisotropy was determined by
ferromagnetic resonance where a uniform mode resonance was distinguishable.

in addition, various spin-wave spectra were observed for both unannealed and
annealed films and the behavior of the most interesting spectra are compared to the
simple theory.
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1. INTRODUCTION

1.1 Magnetic Bubbles and Bubble Devices--An Overview

Much attention has been given to the subject of speed and capacity of memory
systems since present-day data-processing systems are generally limited in
performance by memory systems considerations. A recent memory device, first
proposed by Bobeck'! in 1967, involves the use of data bits stored in the form of
magnetic bubbles-- tiny cylindrical magnetic domains whose magnetization is opposite
to that of the ferromagnetic thin film in which they are located. Some of the major
advantages of magnetic bubble memory systems include a very high potential bit
density, non-volatility, and the fact that one can perform many logical operations on
the stored data without reading the data out of memory and then writing it back in
again. The materials commonly used for bubble devices are ferromagnetic garnet
films grown on a single crystal, non-magnetic garnet substrate by the liquid phase
epitaxy (LPE) method. These thin films, usually one to three microns in thickness,
can be tailored by the meit composition, and hence the desired physical and
magnetic properties required of these epitaxially grown films can be obtained.
Although the garnet substrate, typically a 10 to 20 mil thick substrate of Gadolinium
Gallium Garnet (GGG), has a cubic crystal structure, the epitaxial films exhibit a
uniaxial anisotropy with the easy axis of magnetization perpendicular to the film.
This epitaxial layer is thz actual bubble storage layer, that is, it contains the
cylindrical magnetic domains under proper external bias conditions. Desired
characteristics of this layer include: small bubbles for high storage densities, high
bubble domain mobility, perpendicular uniaxial anisotropy, low number of film

defects, and stability over a large temperature range.

In order to further understand the mechanisms by which various bubble devices
function and thereby motivate the research that is being done in NiCoB thin films, it

is necessary that we briefly review the present bubble device technology.

Assume that the ferromagnetic thin garnet film shown in Fig. 1-1 has been grown
so that the easy axis of magnetization is perpendicular to the surface. Then, in the
absence of an external magnetic field, the film reaches a minimum energy state by
forming domains of alternating magnetization in the form of serpentine patterns (Fig.

1-1a). By anplying an external magnetic field, the total energy of the system is

affected in such a way that domains with a magnetization opposite to that of the

applied field shrink unul only cylindrical domains remain (Fig. 1-1c).




(a) No external magnetic field.

.

-
® Hext'

(b) Small external magnetic field.

& Fext

(c) Large external magnetic field.

Figure 1-1: The formation of stable magnetic bubbie domains under the influence
of an externally applied bias field.




Manipulation of the cyiindrical domains, or bubbles, is achieved indirectly by
applying an in-plane magnetic field. By the use of appropriately placed patterns of
thin films of permalloy (79 Ni - .21 Fe) on the surface of the garnet film, the
gradient of the magnetic field perpendicular to the plane can be controlled. The
permalloy acts to convert the applied in-plane field into field gradients perpendicular
to the film plane, thereby creating positions where the bubble has iow energy (stable
positions). The presence or absence of a bubble at such a position represents the
binary one or zero, respectively. By laying down permalloy with a specific pattern,
bubbles can be propagated along the pattern by an in-plane rotating field. As
depicted in Fig. 1-2, the applied in-plane magnetic field orients the magnetization in
the permalloy so that a magnetic bubble of the polarity shown is attracted to the
“negative” end of the permalloy bar. By rotating the in-plane field counter-
clockwise, as shown, the bubble domain moves to the new position {Fig. 1-2b). As
one can easily see, by applying a continuously rotating in-plane H field, bubbles may
be propageted along a path defined by the permalloy pattern. Devices which employ
an applied rotating in-plane H field to induce bubble domain motion are termed field
access devices. The actual shape of the permalloy need not be restricted to T-l bars
and in fact, other shapes, such as the asymmetric chevron, are successfully being
employed as propagation patterns with higher bit densities than is permitted by T-!
bars.?

Conventional magnetic bubble memory devices presenily use the field-access
method for bubble propagation, that is, permalloy patterns are used for propagation,
as described above. However, any method that creates magnetic drive fields, i.e,,
field gradients perpendicular to the plane of the bubble layer, will permit
manipuletion of the bubble domains and therefore represents a potential magnetic

bubble memory device.

One way of modulating the magnetic field gradients is by means of currents
through conductors that have been deposited on the garnet film. This current-driven
propsgation method (also known as a conductor-access device) avoids the drive-field
coils that are necessary in the field-access method, thereby facilitating higher bit
rates.3

Yet another possibility that has been investigated invoives the use of continuous
tracks in the form of contiguous disks (contiguous-disk devices). These devices,
which can to some extent be considered as a refinement of conventional field-access

technology, contain patterns of disks which are continuously joined to one another
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{a) Bubbile sttracted to the "negative” end of the permalloy.
g/Z

= 1t

{b) Applied in-plane field rotated 90° counterclockwise as
compared to (a)

Figure 1-2: Bubble propagation due to interaction between bubble domain and
externally magnetized permalloy overlay.




rather than separated by gaps as with permalloy patterns. Since the lithographic limit
in conventional bubble circuits is set by the gaps between pattern elements,
contiguous-disk devices allow for much greater bubble densities given the same

lithographic limit.

The bubble motion in contiguous-disk devices is controlled by domain boundaries,
or "charged walls”. A rotating in-plane magnetic field coupled with the in-plane
magnetization due to the magnetostriction resulting from ion-implanting the surface
of the garnet film (originally with easy axis perpendicular to the plane of the film)
produces attractive and repulsive charged walls that circulate around each disk and
more or less “drag” the bubbie with them, thereby passing the bubbies from one disk
to another.45 Referring to Fig. 1-3, one can understand more specifically the basis of
operation of a contiguous-disk device. An epitaxially grown film with magnetic
anisotropy perpendicular to the fiim plane is implanted with ions outside the disk
pattern, thereby inducing stress in the ion-implanted areas; this induced stress causes
the magnetization in these regions to lie parallel to the plane of the film while the
magnetization in the unimplanted regions (inside the d‘isks) remains perpendicular to
the plane as before. The in-plane magnetization of the implanted regions can now be
oriented by the application of an in-plane magnetic field. Note however, that near
the boundaries between the implianted and unimplanted regions, the in-plane
magnetization is forced to “diverge” around the unimplanted region thereby causing a
local accumulation of “magnetic charge” at opposite sides of the unimplanted disk.
These charged walls, one negative where the magnetization diverges and one positive
where it converges, will rotate along with the in-plane magnetization as the applied
in-plane field is rotated. By placing a continuous series of these disks adjacent to
one another (hence thé name contiguous-disk devicel, a bubble propagation path is
defined.

One of the disadvantages of contiguous-disk devices, however, lies in the fact that
the actual propagation of a bubble on a track is complicated by the crystalline
anisotropy of the implanted drive layer. This directly influences the device behavior,
and hence, the device design.5 Due to the magnetocrystalline anisotropy of this drive
layer, certain tracks have depressed collapse margins, and bubble propagation speed
varies by a considerable amount when the applied field moves through 0°, 120°, and
240°, leading to a lower frequency margin than would otherwise be possibie.
Although one can avoid "bad” tracks in a device by orienting all of the propagation

patterns in specific directions, this naturally leads to inefficient use of the chip area.
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Figure 1-3: Schematic representation of a contiguous-disk device.
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By using a NiCoB ferromagnetic thin film as the drive layer (refer to Fig. 1-4), this
problem is avoided since the drive layer is now basically amorphous and therefore
isotropic. As can be seen in Fig. 1-4, desireable properties of such a2 layer would

include Ku PERP ¢ 0 {(hard axis perpendicular to the film plane) and no preferred

direction in the plane of the film.

CRYSTALLINE AMORPHOUS

APERTURE

CHARGE
waLL ———

REGioN TUAT was reTECTED
ERTURE ETCHED miTy WiCaB  Eu

NiCa
e taver —= =] [—=1
R
e —— i LI
(m-uo-u)
(=~
DRIVE LAVER 1S CRYSTALLING PRIVE LAYER 1S AMoRPuoUS
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Figure 1-4: Comparison of properties of present crystaliine ion-implanted
contiguous-disk drive layer with that of a proposed NiCoB amorphous
film drive layer.

Therefore, the principal task becomes that of thorough magnetic characterization of
a variety of potential NiCoB film compositions in order to determine the feasibility

of using these films as the drive layer of a contiguous-disk device. By varying the




composition, the important magnetic film properties 4nMs, H {or equivatently,

k PERP

ireatly i . .
Ku PERP), and Hk PAR (Ku PAR) are dirr-tly influenced; these can then be measured using
a force-balance magnetometer and a ferromagnetic resonance system and the

suitability of a particular composition can be determined.

Other possible potential advantages of such an amorphous-film device include
simpler fabrication steps, and hence, lower manufacturing costs. Other
considerations, which have become evident during the course of this work, such as

additional anisotropy and coercivity requirements are discussed in Section 4.7.

For a more complete and detailed description of magnetic bubble domains,
materials, and devices, the reader is referred to any of the several fine texts and

articles on the subject.5”9
1.2 Magnetic Amorphous and Polycrystalline Alloys: NiCoB Ferromagnetic Thin Films

1.2.1 Introduction

The enormous amount of progress that has been made in magnetic bubble devices
is due in large part to advances that have occurred in the fabrication of magnetic
materials. The unending quest for higher bit density, lower power consumption, and
lower cost has fueled great interest in the search for new magnetic bubble devices,
with some emphasis based on new magnetic materials. In particular, work has been
done in the field of fabrication of amorphous ferromagnetic thin films, both with and
without an anisotropy perpendicular to the plane of the film. 10-14

In some amorphous tilms, charged walls, such as those described above in
conjunction with contiguous disk devices have been observed.'2'5 From previous
work that has been done on films of this nature, in particular NiCoB films, various
properties of the charged walls have been found to depend on the composition of
the film, the thickness (t) of the film, and the value of the satuation magnetization
(4nMs).15

1.2.2 Survey of Amorphous Magnetic Alloys

Since the NiCoB films under investigation tall under the general category of

amorphous magnetism, it is instructive to briefly review the basic properties of these

materials.




Amorphous magnetism generally encompasses the study of the magnetic properties
of dilute random substitutional alloys, amorphous metallic alloys, amorphous
magnetic semiconductors and the conventional glasses, including chalcogenide,
organic, and inorganic glasses. Although thought to be quite different at one time
due to differences in atomic structure, it is now generally recognized that these
materials exhibit certain basic similarities. Three categories of amorphous metals and
alloys thus far experimentally obtained emerge, each division closely reflecting the
method of preparation:

1. amorphous pure metals and alloys which can be obtained by evaporating

on a cooled substrate. In this case, the amorphous state is stable only at
low temperatures and is sustained by the substrate.

2. metal-metal alloys prepared by evaporation, sputtering, or by rapid
quenching from the liquid state. Typical of this category are the various
rare earth-transition metal combinations.

3. metal-metalloid alloys obtained by rapid quenching, chemical deposition
from aqueous solutions, electrodeposition, or by sputtering. The NiCoB
films investigated in this report fall into this category.

It appears that in a majority of the cases that have thus far been carefully
examined, the structure of the amorphous state can be described reasonabily well as
a random dense packing of hard spheres.16 Apparently, the stability of the state is
due to a mixture of appropriately different-sized atoms and also by a combination of
metallic and covalent bonding. Typical experimental studies of ferromagnetism in
amorphous metal-metalloid solids use alloys of 3d transition metals (esp Fe, Co, Ni,
Cr, and Mn) with about 15 to 30 atomic percent of light metalloid elements of
groups |IIA, IVA, and VA (B, C, Si, P). It is believed that these small metalloid
atoms are supposed to occupy relatively larger holes in the dense random packing
structure of the metal atoms, transferring electrons to the unfilled d band of the
transition metal(s).’® This neatly accounts for the reduction of magnetization of these
amorphous alloys when compared to the corresponding metallic crystatline alloys
without the metalloid component. Of particular interest to this project is the
investigation of Aboaf, et.al., ' where various amorphous transition metal--metalloid
ferromagnetic films were deposited by RF sputtering for metalloid content from 0 to
40 atom percent. Here, it was reported ‘hat for the binary systems FeSi, FeB, FeAl,
CoB, CoSi, and NiB, only FeSi, FeB, and CoB form films which are magnetic at room
temperature for the sputtering conditions that were used. In addition, the forma*ion
of the amorphous phase in these three magnetic systems occurs respertive!r fnr

metalloid content of over 26, 16, and 14 atom percent; films are stitl maygneuc for




the highest concentration of metalloid studied, respectively 42 and 36 atom percent

for FeSi and FeB.
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2. FABRICATION OF THE NI-CO-B FILMS

2.1 The Sputtering Process

Sputtering is a process in which atoms from a cathode, or target, are driven off,
or sputtered, by bombarding ions due to a transfer of momentum from the ions to
the target atoms. In this process, the momentum of the bombarding ions is more
important than the amount of energy transferred. An atom of hydrogen or helium
accelerated to 500 eV will cause very little sputtering compared, say, to a heavier
ion such as (chemically inert) argon with the same 500 eV energy because the smaller
amount of momentum within the much lighter hydrogen or helium ion simply has
much less effect.. lons, rather than neutral atoms, are used for bombardment because

one can accelerate these to any desired kinetic energy by the use of electric fields.

Sputtered atoms travel until they impinge upon a substrate, where they deposit to
form the desired layer. Since they travel as individual atoms, they can be chemically
active and form compounds with the ions and atoms of the bombarding gas. For
this reason, the noble gas argon, which is chemically inert, is Jenerally used as the

source of bombarding ions.

When fons of argon strike the target, their electrical charge is neutralized and they
return to the process as atoms. Note, however, that as a result, a net positive
charge results at the target surface due to this form of sputtering, called DC
sputtering. If the target is an electrical conductor, this poses no problem since the
charge is instantly cancelled by a free electron; however, if the target is an insulator,
the result is a positiveé charge build-up at the target surface. This charge may grow
large enough that the ions of bombarding gas are repellea causing the sputtering
process to stop. To continue the process, the anode-cathode polarity must be
reversed to attract electrons from the discharge to eliminate the target surface
charge. By applying an RF voltage to the target assembly, the polarity is
automatically reversed periodically and the problem is eliminated. Also, note that
due to the vast differences in the mobilities of the ions and electrons, the much
faster electrons are attracted in much greater numbers to the target during the
positive half-cycle of the RF voltage than are the ions during the alternate half-cycle.
The applied RF voltage is what distinguishes this type of sputtering from simple DC

sputtering.

Sputtering is a function of many variables-- parameters which determine yields
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{atoms per ion), thresholds (minimum kinetic energy of ions for sputtering to become
noticeable), and angular distribution of ejected atoms {(atoms, ions, or clusters) are
primarily the masses of the ion and the target atom, the outer electronic
configuration of the collision partners, the angle of incidence and the kinetic energy
of the impinging ions, the crystal structure and crystal orientation of the target
material, the target temperature, and the ion flux (or current density).”'18 The
measured sputtered yield will also be a function of the background sputtering gas
pressure, the previous history of the solid (including the concentration of implanted
ions), and electrical fields existing at the surface of the target. In addition, if the
mean free path of the sputtered atoms is small in comparison to the distance
between the target and substrate, which is usually the case at pressures above
several microns, many additional effects resulting from collisions between gas

atoms, ions, sputtered particles, and electrons become important,

Usually, for technological applications, one may use the empirical values of the
sputtering yields, provided that the target materials are relatively featureless and

nearly isotropic.

Also, it should be noted that the main disadvantage of sputtering is the fact that
the deposition rates are relatively low; typically, deposition rates are in the range of
50 to 3000 A/min.'®

in some instances, a bias voltage applied between the target and substrate is used
to alter the sputtered film composition and structure. When the substrate is
deliberately given a negative potential with respect to the plasma, the resulting
technique is referred to as bias sputtering. Although generally bias sputtering leads
to films of higher purity since during resputtering ryost impurities are preferentially
removed relative to the atoms of the main film, the amount of sputtering gas
trapped in a sputtered film is experimentahlly found to increase above a given bias
voftage. This leads to the final significant consideration that must be addressed--
that of the amount of trapped sputtering gas atoms within the deposited film. |t is
expected that any such inert atoms would serve as a dilutant to the magnetization
and not affect film properties significantly in any other way. At bias voltages of
less than 200 volts, which is the only region of interest for the purpose of this
discussion since all of the NiCoB films were sputtered at zero-bias voltage, no
significant amount of argon was found in the nickel-argon system studied by Winters
and Kay.20 Also, although 1 atomic percent argon was reported in sputtered GdCo

and GdCoMo films at 60 volts bias voltage, with a rapid increase for higher blas

*
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voltages, no significar* amounts of argon were found at 2ero-bias voltage in these
tilms, either.?! This was also the case found experimentally for the NiCoB films in

this report; this will be discussed further in Chapter 4.

When sputtering under conditions of identical system geometry and current density,
it is expected that deposition rates for different materials would correlate well with
their theoretical sputtering yields. The values given in Table 2-122 are the sputtering
yields in atoms per ion of Ar* for different bombarding energies of the argon ions.
The error here may be as high as 20 percent for some values since much of the

published data fails to make corrections due to secondary-electron emission.22.23

TARGET MATERIAL 200 600 1000 (VOLTS)

Sputtering Yields (Atoms/lon)

Co 06 1.4 -
Ni 0.7 1.5 Z1
B - 04 -

Table 2-1: Sputtering yields in atoms per ion of Ar* for different bombarding
s energies of the Ar ions.22:23

2.2 Sputtering With Decoupled Plasmas

2.2.1 Preparation of the NiCoB Fiims

Amorphous and polycrystalline ferromagnetic NiCoB films were fabricated by RF
sputtering in order to permit characterization as to various magnetic properties
according to the methods described in Chapter 3 of this report. The films were
deposited by sputtering using argon gas from hand-made targets containing foils
{nickel and cobalt) and slices {boron) of the desired elements. Figs. 2-1 and 2-2
show the precise geometries for the cobalt-nickel and the cobalt-boron targets,

respectively.

Each of the 15 cm (6 inch) diameter cathode targets was made of copper plate on
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Figure 2-1: Manualiy-fabricated cobalt-nickel target used for sputtering.
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Figure 2-2: Manuslly-fabricsted cobalt-boron target used for sputtering.
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which the desired foils and slices were mounted b clamps located near the
periphery of the plate. The plate was then attached by screws located equidistantly
at the perimeter to the water-cooled copper cathode assembly. A grounded dark
shield located approximately 12 mm beiow each target surface effectively defined an
area on the target from which the deposited films were sputtered. Silicone vacuum
grease was used between the foils and slices and the copper plate to increase the
thermal coupling. For the cobalt-nickel target, the nickel foil, a .5 mm thick plate of
99.997% purity (Alfa Products2%) was used as a base upon which carefully-measured
pie-shaped segments of .25 mm thick, 99.9% pure cobalt (Materials Research
Corporation VP gradezs) were attached. The base of these triangular cobalt segments
along with the nickel backing were held by the aforementioned clamps while the
inner tips of the cobalt foils were fixed under the wide head of a nickel screw
mounted in the center; this screw was fashioned from a .5 inch diameter nickel rod
(99.995% pure, Materials Research Corporation Marz gradezs). The boron slices used in
the cobalt-boron target were cut from large boron chunks of 99.% purity and these
ranged from 5 to 10 mm in thickness over the bulk of a single slice. The somewhat
awkward shapes of the boron pieces were due to difficulties encountered in cutting
that material. This was due in part to the large surface area that was being cut and
also to the hardness of the boron which, being 5.5, approaches that of diamond
(10.0). The Micromatic wafering machine used in cutting the boron employed a
Norton diamond wheel blade; attempting to achieve thinner slices resulted in
numerous unusably small fractured pieces so that pieces of greater thickness than

originally intended were used out of necessity.

The RF sputtering apparatus used was a Perkin-Elmer Sputtering System Model
2400-6J.2% The vacuum system employed a helium cryogenic vacuum purnp27 with a
conventional carbon filtering system. The argon pressure during sputtering was
maintained at a constant value by monitoring an Ultek digital gauge control and
manually adjusting a gas-bleed needle valve as required. The vacuum chamber
consisted of a 66 cm-diameter stainiess steel cylinder containing three 15 cm-

diameter, water-cooled target electrodes arranged 90 degrees apart on a 15 cm-radius

circle; since only two target assemblies were used, the cobalt-nicke! and cobalt-boron
targets were mounted 180 degrees apart. The 15 cm-diameter, water-cooled substrate
table was mounted on a "J-arm” configuration and was supported on a double O-ring
rotary vacuum seal so that the J-arm could be rotated up to a maximum of 10 rpm,

thereby sequentially exposing the substrate to each of the target electrodes. The

relative arrangement of the targets and substrate table is shown in Fig. 2-3.
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Figure 2-3: Relative positions of the targets and the substrate table.

The dark shields and sputtering table shield have been omitted for
clarity.
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Each target was individually powered from a single Randex 1 kW RF power st'pply.
Meters which provided a separate reading of each target voltage were used as a
guide in adjusting the power division between the two targets and for resetting a
previously established set of conditions. The best impedance match to the generatol
was adjusted automatically by the Randex servo-match control in the system; during
a successful sputtering run, it was relatively easy to keep the reflected power to

less than 5 watts (on the order of 1%).

The amorphous and polycrystalline NiCoB films were deposited onto 1 inch-

28 and 25 mm by 25 mm pieces of VWR

diameter Corning 0211 glass substrates
Scientific microscope slides.2® Before each sputtering run, the vacuum chamber was
evacuated to a pressure of less than 7 x 1077 torr before permitting the ultra-high
purity argon into the chamber. During deposition the argon pressure was held
constant at 25 millitorr £ 4% by manual control. The distance between the target
surface and the substrate table was generally held at 45 mm (1.25 inches from dark
shield to substrate table) as measured when the substrate was directly beneath any
given target. The substrate table rotation rate was kept near 3 rpm although this
tended to increase by as much as 25% during the course of a long sputtering run.
Both targets were “sputter-cleaned” for 15 to 45 minutes prior to each run, the
amount of time depending on the condition of the target surface before the run. The
substrates were cleaned ultrasonically in boiling solutions of trichloroethylene,
acetone, and methanol, in that order, and then any remaining organic residue was
removed by use of a plasma asher for 30 seconds. The total input sputtering power
was on the order of 300 to 600 watts. A typical sputtering run of 2 hours duration
yelded films on the order of 3000 A in thickness. By changing the fraction of the
tntal power that was applied to each target, the voltage applied to each target was
varied and hence the final deposited film composition was altered. In addition, by
changing the number of pie-shaped foils of cobalt on the cobalt-nickel target, the

nicke!-to-cobalt ratio in the films was varied.

2.2.2 Discussion

The chemical composition of a sputtered film will often be the same as that of
the target from which it was sputtered even though the individual components of the
system may have relative sputtering rates which are quite different from one another.
This can be explained by noting that, although it is true that the component with the
highest sputtering rate will come off faster the very first time that sputtering is

performed on a multi-component (homogeneously mixed) target, a compositionally
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“altered” region forms quite readily at the target surface. Subsequent deposits have
the same composition as the target since the sputtering surface is depleted of the
higher sputtering yield component by an amount just adequate to compensate for its
greater rate of removal from the target surface. For this reason, one can sputter-
deposit films of complicated materials such as permailoy or even stainless steel
directly from targets made of that material without composition changes even though

the sputtering rates of the individual elements are quite different.

Of course, this will not be true if a significant amount of resputtering occurs as,
for example, during bias sputtering. If this is the case, then material with the
highest sputtering yield will be preferentially removed from the film-- exactly the
principle of bias sputtering. Since the surface of the growing film is being
constantly replenished with material of the target composition, an altered layer
cannot form so that the sputtered film composition will contain less of the materials

with the higher sputtering yields as compared to the target.

When one is not using “pre-alloyed” targets, but instead separate elements placed
individually on the cathode(s), one must take into consideration the amount of mixing
of the atoms which will occur. As early as in 1962, an experimental arrangement
utilizing separate cathodes was described by Sinclair and Peters.30 A fair degree of
intermingling of the components sputtered from the two interleaving cathodes was
found; the method depended on the fact that not all of the sputtered material is
deposited on the substrate directly beneath its point of origin on the target but
instead may travel a small distance laterally as well. Various alloy compositions
were obtained by suitably adjusting the relative voltages to the targets. This and

other evidence from the literature31.32.33

indicate that a fair degree of mixing will
occur due to the collisions of the target atoms with each other and the argon gas
atoms as they travel from the target to the substrate. In other words, when the
mean free path of the sputtered atoms is small when compared to the distance
between the target and substrate, one can expect the sputtered films to be a
homogeneous mixture of the separate target elements. Electron microprobe analysis

done on the NiCoB films lend further credence to the above; the film compositions

were found to be very homogeneous. Again, this will be discussed further in
Chapter 4.
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3. CHARACTERIZATION OF THE NI-CO-B FILMS

Average fiim composition was determined by electron microprobe analysis and
saturation magnetization by force-balance magnetometer. Investigation of the
magnetic anisotropy of the films was carried out using ferromagnetic resonance and
the torque magnetometer. In addition, in an attempt to observe domain walls in the
films with hard axis perpendicular to the film plane, a ferrofluid investigation was
performed. Details of these methods of characterization appear in this and the

following chapter.

Film thickness was measured using a Sloan Dektak34 film profile monitor.

3.1 Electron Microprobe Analysis

The method of electron microprobe analysis was used to determine the
composition of the NiCoB thin films. A very brief and basic discussion of this
technique follows; any one of several good textbooks on microprobe analysis will

provide a more detailed description of the subject.35'36'37

3.1.1 Physical Principles of Microprobe Analysis

In the electron microprobe, electrons, emitted from a hot filament, are accelerated
and focused onto a sample surface. Inelastic scattering in the sample material leads
to ionization and then to the emission of X-rays, characteristic of the elemental
composition. The X-rays thus emerging from the sample are then analyzed in
appropriate spectrometers and differentiated according to wavelength and intensity,
thereby providing qualitative (identifying the elements present) and quantitative
(determining the amount of each element present) chemical analyses, respectively.
The use of a finely focused electron beam gives this technique the particular
advantage of ehabling X-ray spectrochemical analyses to be obtained on volumes of

specimen as small as one cubic micron.

At present, all elements heavier than beryllium can, theoretically at least, be
studied with the probe. However, as the probe is sensitive to the weight percentage
of an element present in the sample, light elements with atomic numbers less than
13 are difficult to measure accurately. In general use, limits of detectability in solid
solution approximate 0.005% to 0.05% depending upon the elements themselves and
the corresponding sample matrices. Since local concentrations may vary largely from

average composition, true limits of detectability are generally difficult to define.
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By recording the spectrum by means of an X-ray spectrometer over the range of
wavelengths within  which relevant lines may be present, the wavelength
corresponding to a particular characteristic line and hence the corresponding element,
may be identified. In quantitative analysis, the intensities of the X-ray lines from
the sample are compared with those from standard samples of known composition.
These measured intensities require correction for background, the chief source of
which is the continuous X-ray spectrum, as well as certain instrumental correction
dependent on the characteristics of the measuring system. Once the corrected
intensities have been determined, the composition at the analyzed point is calculated
by applying matrix corrections which take account of various factors governing the
relationship between intensity and composition. These factors include absorption of
characteristic X-rays from the specimen, enhancement due to fluorescence by other
lines, electron backscattering, and an atomic-number-dependent “stopping power” of

the specimen which creates a variation in the efficiency of X-ray production,

Typically, the electrons have a kinetic energy of 10 to 30 keV, and penetrate the
sample to a depth of the order of 1 um, spreading out laterally to a similar distance.
Although in theory the spatial resolution can be further improved by reducing the
electron energy. this is generafly impractical because the electrons must have

sufficient energy for efficient X-ray excitation,

The microprobe instrument itself has the general configuration as shown
schematically in Fig. 3-1.35 The source of electrons ic usually an electron gun in
which a tungsten “hairpin” filament is heated to over 2500°K in order to create
thermionic emission. This filament is kept at a negative potential (10 to 30 kV)
v.aich therefore causes acceleration of the electrons through an aperture in the
grounded anode plate. Magnetic lenses (condenser and final lens in the figure) are
used to focus the beam into a fine probe incident on the surface of the specimen.
In order to prevent scattering of the electrons, oxidation of the hot tungsten
filament, and absorption of the resulting X-rays in air, the electron path, the sample,

and the spectrometers are all maintained at a high vacuum.

3.1.2 Experimental Procedure

The diffrac:ing crysta! which comprises the Bragg spectrometer iwhich is generally
used to analyze the X-ray spectrum) acts as a monochromator, selecting one
wavelength at a time. Covering the full range of interest of X-ray waveiengths (from

1 to about 100 A) requires the use of several crystals. Equipping the instrument with
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§ Acceterating voage mpply

Figure 3-1: Schematic diagram of the electron microprobe.3

more than one spectrometer permits the simultaneous analysis of more than one
element. The microprobe38 at Carnegie-Melion University has three spectrometers
equipped w}th LiF/ADP, LiF/IADP, and KAP/PbSD crystal couples (crystals could be
interchanged) giving a wavelength coverage from 1 to 90 A [LiF: 1.07--3.77 A, ADP:
2.88—-10 A, KAP: 7--256 A, PbSD: 29--93 A). Proportional counters were used as X-
ray detectors in the desired regions; in these counters, the pulse amplitude generated
by the X-ray photon depends on the photon energy. Then, by using pulse height
analyzers which were adjusted so that only pulses of a selected amplitude are
admitted to the counting circuitry, interference of spectral lines due to order
overlapping was eliminated.

The "'composition of the NiCoB film was determined by comparison of X-ray
intensities from the sample to those from suitable standards, typical of microprobe
quantitative analyses. The standards chosen, namely pure nickel, cobalt, and boron,
were made from the same high purity foils and pieces, respectively, that were used
to fabricate the sputtering targets. Since the take-off angle and intensity of the X-
rays is directly affected by s very small change in surface inclination, it was
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essential that the surface of all analyzed areas (standards and samples) be fiat,
smooth, and paraliel to one another. To minimize cross-contamination, each standard
was prepared individually; after being mounted by epoxy on the flattened tip of a #4-
40 stainless steel set screw, each standard was polished mechanically in a polishing
block first using increasingly fine-grained sandpaper down through 600 grit and then
polishing with 0.3 ym and 0.05 xm alumina polishing powder. The sputtered samples
to be analyzed were prepared by dicing small pieces compatible with the screw tip
from a sputtered film using a diamond saw and then mounting this film-on-glass to a
#4-40 screw with epoxy.

In order to prevent beam instability when using the microprobe, it is important that
the incident electron beam be able to pass to ground without building up charge at
the region which is under analysis. This posed no problem in the case of the pure
metal and metalloid standards since although non-conducting epoxy was used to
attach the standards to the metal screws, enough actual contact between the standard
and screw was achieved to provide a path for the beam current. However, in the
case of the sputtered-films-on-glass, a very small dab of conducting silver paint,
applied at the very edge cof the sample between the conducting film and the screws,
was required to provide a beam current path. Using this method obviated the need
to coat both samples and standards with a thin film of a conducting material, since
then one must become concerned with the absorption effects of the coating film.
The elements and lines analyzed can be found in Table 3-1.
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ELEMENT ¥4 LINE WAVELENGTH(A) ENERGY(keV) CRYSTAL USED
Ni 28 K‘ 1.659 7.471 LiF
Co 27 K. 1.790 6.924 LiF
B8 5 K 67.6 0.183 PbSD

Table 3-1: X-ray lines. analyzed and crystals used with the microprobe.

In actual use, the samples- and standards-on-screws were mounted in a brass
sample holder, which consisted of a 1.25-inch diameter concentric set of 24 equally-
spaced tapped hoies into which the #4-40 screws could be inserted. The fact that
the standards and samples are mounted on screws not only allows one to easily
change samples, but also permits one to set the screws in such a way that the entire
holder, including samples and standards, is in focus in the same horizontal plane. In
this way, only very minor adjustments need be made when traveling from sample to
sample on the holder. The #4-40 screw thread size was chosen for its larce number
of threads per inch, which reduces the variation of sample surface angle. Along with
the sample and standard, it was also necessary to include a magnesium oxide (MgO)
crystal; since this material is cathodoluminescent (i.e., the electron beam impinging on
this material causes a visible fluorescence effect which allows one to visually

observe the beam), it was used to visually focus the electron beam.

In making a typical meazurement, the X-ray counting rate is recorded for both the
unknown and the standard by averaging many trials for each case. Likewise, the
background levels are recorded for both the unknown and the standard. After making
corrections on the measured counting rates for instrument dead-time, the

concentration of the measured element may be computed from:
- -Nn B -NB
C [NU Nu 1/ [Ns Ns ]

where Nu is the averaged number of counts per some unit time interval for the

unknown, NUB the background for the unknown, Ns the number of counts for the
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standard, and NSB the background for the standard. For complicated element
matrices, this ratio must then be subjected to matrix corrections using a computer
program. In the case of the simple Ni-Co-B matrix, it was assumed that the
substrate factor was the same for all elements so that the only correction required
was due to the thinness of the films (most less than 5000 A). To be sure that each
of the samples had been mounted parallel with respect to the standards,
measurements were made on each sample at rotations of both 0° and 180°; if the
measured count rate differed by more than the standard deviation due to the counting
statistics, then the sample was removed and reattached properly. Although
measurements of the Ni and Co compositions appeared reliable, severe difficulty was
encountered in working with the light element boron. Although a PbSD crystal was
available, a special-purpose X-ray detector with satisfactory efficiency for long
wavelengths was not. Since absorption of the X-rays is especially serious for those
with long wavelengths, proportional counters are fitted with extremely thin entrance
windows and a gas filling of low density is used. Various methods of enhancing the
number of these long-wavelength X-rays was attempted including the use of a
significant increase in beam current, but all netted only -limited success. Since these
measurements could not be made at the facility located at CMU, guantitative values
for boron content were oObtained by Malcolm McConnel at General Electric on an
automated Cameca Electron Microprobe equipped with the necessary apparatus. A
discussion of these results can be found in Section 4.1.

3.2 Ferromagnetic Resonance

The magnetization vector of a ferromagnetic material can precess about its
equilibrium position, this being due to the gyroscopic properties of the magnetic
moment. In a typical ferromagnetic resonance experiment, a sample of ferromagnetic
material is placed in a uniform field large enough to. magnetize the sample in the
direction of the applied field. When the magnetization is disturbed slightly from this
equilibrium position, it does not return directly, but precesses about the field
direction. Eventually, however, energy loss associated with the magnetization motion
causes the precession to be damped, ending in alignment along the applied field
direction. To maintain this precessional motion for an actual atomic moment in a
material, energy must be fed into the system from without. One of the means
available for doing this is to apply a small sinusoidal magnetic field perpendicular to
the axis of preéession. This sinusoidal field excites precessional motion, but unless

the frequency « is nearly equal to the precessional frequency, or resonant frequency,
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@ o5’ the energy coupled from the sinusoidal field to the precessing magnetization
will be small. On the other hand, if o A the coupling is very large and is
limited only by the damping of the system.,

A universal relationship between the resonant frequency and the effective external
field is readily found to be:

where y = g (e/l2mc), y being the gyromagnetic constant, g the gyromagnetic ratio or
g factor”, and ¢, e, and m being the speed of light and the electron charge and

mass, respectively.39

Also, Heff represents the effective static H-field within the
sampie and in the simplest case is just H, the static applied field. Upon evaluation
of w for typical values of y and H (where y/27 = 2.8 Mhz/Oe in cgs or 2.2 x 10°
m/A-sec in mks and H is several thousand oersteds), we find that the frequency L
corresponds to the microwave region. Since the precession frequency may be
changed by changing the static applied field, H, one observes that by measuring the
absorption of the microwave H-field as a function of the applied static H-field, the
strongest absorption occurs at that value of the static field where the precession

frequency coincides with the microwave frequency.

Note, however, that the equation above does not account for demagnetizing effects
which reduce the effect of the applied static field within sampies of finite
dimension. Here, H depends on the demagnetizing effects present and hence on

eff
the shape of the sample. In the case of isotropic thin films, one finds:40.:4!

“perp = Y IHoc perp = 47M,J
= %
“pAR 7{ Hoc parlHoc par * 47M] }
where Hoc PERP and HDC PAR represent the applied static H-fields applied perpendicutar
and parallel to the film plane at resonance, respectively, and Worer' YpaR represent

the resulting resonant frequencies. For the slightly more complicated case of a thin
film with a uniaxial crystalline anisotropy, Ku, favoring alignment normal to the plane,
and no anisotropy in the plane of the film, we find:

S L 13
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w = y[H

PERP 4rM_ + HI

DC PERP k

4rM_- H] } %

“par © 7{ Hoc parlHoc par *

where all of the parameters are as before and, in addition,
H = 2K /M
k U s

In actual practice, « is usually fixed by the resonant frequency of the microwave
cavity, so that absorption is plotted as a function of HDC. If this procedure is
followed for one sample for HDC in both the perpendicular and parallel directions,
then one obtains two simultaneous equations in two unknowns, namely, y and
Hk - 4"Ms’ which can then be determined once Yoerp’ “paR’ Hoc PERP’ and HDC PAR
are known experimentally. Of course, this procedure assumes a unique resonance in
either direction (uniform precessional mode) and hence a single value for H
and for HDc PAR'

separated with this technique since the angular dependence of the anisotropy energy

DC PERP
Note that the individual values of Hk and 417Ms can not be

is identical in both cases.

NiCoB amorphous film samples were prepared for FMR by cutting a 7 mm x 7 mm
{approx.) square from a 1-inch sputtered film circle. Upon insertion into a microwave
cavity of circular cross-section (TEon mode at a frequency of 9.60 GHz), a
measurement of the absorption perpendicular and one parallel to the plane of the
film as a function of HDC was made. Although the film could only be rotated about
one specific axis in the plane of the film (tre x-axis in Fig. 3-2), the magnet itself
could be rotated by %20° about the z-axis thereby permitting measurements at

various positions with an applied H and allowing verification that no significant

DC PAR
anisotropy within the plane of the film existed.

A significant problem encountered in making these measurements in many of the
films was the presence of many resonances for applied field both perpendicular to
and in the plane of the film. It is believed that a set of such resonances is
associated with the spin-wave modes which can be excited in such films, as is
discussed in Appendix A.
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Figure 3-2: Position of the sample in the FMR apparatus.

fn many instances, one resonance was significantly larger than the others; here, it
was assumed that this was the uniform mode resonance and hence that it was valid
to use this value of Hoc in subsequent calculations. In cases where all of the
resonances are comparablie, each value of HDC at resonance was used in subsequent
calculations and the final results using all possible combinations of resonances were
compared. Since such a set of comparable resonances suggests a profile variation
of Hu‘ the comparison method did not permit an exact value to be calculated, but
provided for a mean value estimate of Hk - 4nM‘. Experimental results and further
discussion can be found in the following chapter.

When the physical dimensions of the sample are such that boundary effects cannot
be neglected, as is the case with thin films, spin wave modes for which the
directions of the spins vary with the sample depth become significant.
Macroscopically, one may expand the magnetization in the form of a Fourier series
of spin wave modes. |f one is interested in determining the magnetic parameter

profiling in the more complicated cases, it is necessary to use numerical analysis,
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presumably on a computer. For example, a recent theoretical determination of spin

i wave profiles for ion-implanted garnet films has been reported by Wilts and Prasad??
where a computer program employing depth-varying magnetic parameters and
established surface boundary conditions was used.

3.3 Force-Balance Magnetometer

The saturation magnetization of the NiCoB films was determined by using a force-
balance magmetometer,“3 a schematic representation of which is shown in Fig. 3-3,

——t—— ELECTROBALANCE.

%

Sio, BASKET AlD
NiCaB- ON- GLASS SAMPLE

ELE CT‘RON\AGI‘E‘T'

Figure 3-3: Schematic construction of a force-balance magnetometer,

Note that the pole faces of the electromagnet are shaped in such a way that a
magnetic field gradient (dH/dx) is present in the direction of operation of the balance.
The force Fx (measured in dynes) exerted on the entire sample which consists of the
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NiCoB film, glass substrate, and SiO2 basket by the field gradient dH/dx {mezsured in
Oe/cm) is proportional to the magnetic moment MV of the sample (M measured in
emu, and therefore lluMs in gauss, and V in cm3). Therefore, one obtains

Fx = MV(dH/dx)

Note that the force Fx represents the force on the entire sample only, that is, after
corrections have been made due to the force on the SiO2 rod. The field gradient
acting on the sample is a function of the current through the magnet, the distance
between the poles, and the position in the x-direction of the sample between the
poles. For a limited range of x-values, (dH/dx) is found to be independent of x; the
sampie to be measured is positioned within this range. By dividing Fx by (dH/dx), the
moment of the entire sample is found, that is:
MV ora. = MVl MV parmare * MVigagier

The relationship between the magnetization and the applied H-field depends on the
magnetic nature of the material. As can be seen in Fig. 3-4, for ferromagnetic films,
M increases very rapidly with H and becomes constant with a value M = Ms, the
saturation magnetization. For diamagnetic (such as the SiO2 basket and rod and the
glass substrate} and paramagnetic materials, we have M = XH, where X is the
susceptibility which is negative for diamagnetic and positive for paramagnetic
materials. When (MV) is plotted against H, straight lines should be obtained and

TOTAL
M V) can be determined by extrapolation towards zero magnetic field strength.

Altsho::Lg': generally diamagnetic and paramagnetic magnetizations are small compared
to ferromagnetic magnetizations, the dia- and paramagnetic moments can become
competitive or even overshadow the ferromagnetic film moment. This is especially
true in cases wher2 very thin films with {ow Ms are deposited onto dia- or

paramagnetic substrates that are many orders of magnitude thicker, since the volume

of the substrate is much larger than that of the film.
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Figure 3-4: MV vs. applied H for paramagnetic, diamagnetic, and
ferromagnetic materials.
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4. RESULTS AND DISCUSSION

4.1 Composition Results with the Electron Microprobe

The compositions found in Table 4-5 were measured by electron microprobe as
described in Section 3.1.2. The Applied Research Laboratory instrument at CMU and a
Cameca Electron Microprobe“ located at General Electric, in Schenectady, NY, were
used to analyze the NiCoB films on glass substrates. The cobalt-to-nickel ratios
were typically obtained at 20 kV accelerating voltages with both probes. Due to the
lack of a special-purpose long wavelength X-ray detector, it was not possible to
analyze the extremely long boron wavelengths quantitatively at CMU, although, using
the PbSD crystal, a very broad and weak X-ray peak w:; observed at a8 wavelength
of 67.6 A (setting of 2.7650 on the PbSD crystal) as can seen in Fig. 4-1.

4 x-gax
INTENSITY

i

- (1 2 Y ! [} 94 K] . 1 "
WAYELENGTH (MEASURED IN TERMS OF PHLSD CRYSTAL)

Figure 4-1: Qualitative observation of boron X-ray line at 67.6 A and 5
kV accelerating voltage.
The quantitative values for boron content were obtained by Malcoim McConne! at
General Electric on the automated Cameca probe using a PbSD crystal where 3 kV
and 5 kV accelerating volitages were used since the critical excitation energy of the
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boron K, line is 192 eV (as compared to 7.708 and B8.330 keV for Co and Ni,
respectively)l. The boron values obtained in this manner are accurate to within 15%
relative. In addition, in order to get a complete qualitative picture of each sample
{including any significant amounts of impurities), energy dispersive spectra, taken at
various voltages, were also measured. Some of these are included in Fig. 4-2. Note
that X-rays from the glass substrate are very prominent in the thinner films. Also,
the penetration of higher voltage electron beams into the substrate can be seen by
comparing 8-20-80A and 6-30-81A, both films of 2100 A, but measured at different
electron beam voltages. Since the potassium peak is clearly evident only when beam
penetration into the substrate is great, we can safely assume the potassium to be a
component of the glass substrate. However, iron, copper, zinc, and titanium can also
be seen in the dispersive spectra and are obviously impurities in the films
themselves. Evidentally, the dark shield is effective but not completely so in
preventing atoms from the copper backing plate and brass attachment screws from
entering. Also, since the dark shields, sputtering table, and chamber are made of
stainless steel, a minute amount of iron also found its way into the films. The
presence of the titanium is somewhat more mysterious; occasional use of the
sputtering system for a different project which employed a sintered powder titanium-
tungsten target apparently is the source. The target, being sintered powder, crumbled
and flaked severely upon sputtering and although great lengths were taken by all
parties to assure that none of the titanium-tungsten remainec in the system, a small
amount of residue apparently did at times. Generally, it is felt that the presence of
these impurities, all being in small amounts, is not significant; the iron, although
magnetic, appears in extremely small quantities (always less than 1%) and the others,
being non-magnetic in nature, should not affect the magnetic properties of the films

in any way.

As expected (see page 12), no argon lines are evident in the spectra implying that
the films contain no significant amounts of that element. This agrees with previous
studies reported in the literature?® since no target bias voltage was used in
sputtering any of the NiCoB films. Listed in Table 4-1 are all of the characteristic
lines evident from the energy dispersive spectra. In addition to the principal Ka
lines observed, note also the existence of the typically weaker Kﬂ1 and L‘z lines for

1
the elements cobait and nickel, this apparently being due to their dominating

presence in the samples.
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Film 8-20-80A Thickness 2100 A Film 2-15-81B Thickness 920 A'
Beam 9 kV Beam 20 kV

Film 6-30-81A  Thickness 2100 A Film 3-21-81A  Thickness 10900 A
Beam 20 kV Beam 25 kV

Figure 4-2: Energy dispersive spectra for various NiCoB films at different
beam voltages.




ELEMENT z LINE WAVELENGTH(A) ENERGY(keV)

Ni 28 L,, 14.595 0.85
Si 14 K, 7.126 1.739
K 19 K, 3.742 3.312
Ti 22 K, 2.750 4.508
Fe 26 K, 1.937 6.398
Co 27 K, 1.790 6.924

’ Ni 28 K, 1.659 7.471
Co 27 - Ky, 1.621 7.648
Cu 29 K, 1.542 8.040
Ni 28 Kg, 1.500 8.263
zZn 30 K, 1.436 8.630

Table 4-1: Characteristic lines evident in the energy dispersive spectra. |

As was previously described in Section 3.1.2, the concentrations of nickel and
cobalt in the thicker films were determined using 20 kV accelerating voltages and
then comparing the resulting X-ray intensities with those from pure element standards
to obtain the intensity ratio, CT, or k-ratio. For thinner films, a ratio of the cobait- ;
to-nicke! k-ratio was determined at 20 and 10 kV (to reduce penetration of the beam
into the glass substrate). Since the matrix corrections for adjacent elements are very

similar, these “uncorrected” ratios are particularly accurate and hence were used to

determine the absolute film composition.

One important consideration must be emphasized here. Since absolute percentage

concentrations of nickel or cobalt could not be determined for the thinner films (that
is, for those less than 4000 A), the ratio of the cobalt-to-nickel concentration
obtained was used to estimate the absolute concentrations in these films. Based on

the impurity concentrations that were directly measureable for the “thicker” films

FRTENT
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{4000 to 11,000 A), a total impurity concentration of 5% was assumed for these thin
films. This is considered to be a very reasonable approximation since the thicker
films exhibited measured impurity concentrations which ranged from 3.9 to 5.5%, the
composition of which consisted mostly of copper {(typically 4%) with traces of iron
and zinc {(1% combined). Although the amount of impurities is significant, it being
comparable to the boron concentration in the films, none of them are expected to
affect the film properties significantly since the copper and zinc only act to slightly
dilute the magnetization in the films and the trace amount of iron will influence the

films in much the same way as the nicke! and cobalt.

4.2 Saturation Magnetization

Shown in Fig. 4-3 are results obtained with a force-balance magnetometer as

described in Section 3.3 which were subsequently normalized and, graphed. The
measurements of room temperature 4nMs were made assuming a standard film area
of 1 cm? with a thickness of 1000 A. To obtain the true (normalized) value of 411Ms
from the direct magnetometer measurement, one needs to merely multiply by the

| § ratio of the assumed (standardized) film volume to the actual film volume since:

FORCE

4n Ms «
VOLUME (dH/dx)

Normalized values of room temperature 4"Ms for these films are contained in Table
4-3. In cases where the films were weakly ferromagnetic so that the paramagnetic
component was significant, the value of aths for H projected to zero was used.
Evidentally, the paramagnetic magnetization of the much thicker substrate has become
competitive in size with the low Ms thin films since the volume of the substrate is
orders of magnitude larger than that of the deposited thin film.
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4.3 Measured Anisotropy by Ferromagnetic Resonance

As described in Section 3.2, by finding the value of Hoc PAR and Hoc PERP at which
resonance occurs, one may find a value for l-lk - 4"Ms' For the microwave resonance
studies, the film was placed inside a resonant cavity which was fed through a
waveguide with radiation originating from a kiystron. The microwave cavity resonant
frequency (TEOH circular cylindrical mode), determined primarily by the cavity
dimensions with small corrections due to the nature of the sample, was always
found to be in the vicinity of 9.36 GHz, The cavity set-up was such that the film
was placed in the center, so that the RF H-field is at a maximum and the E-field, a
minimum. Then, since the RF frequency was fixed, resonance was found by varying
the DC H-field (Refer to Fig. 3-2). At resonance, the energy absorbed by the film is
a maximum, so that the resonance condition may be detected by monitoring the

electromagnetic energy reflected back from the cavity.

Although usually many resonances in sequence were obtained for H applied both
parallel and perpendicular to the film plane, in most instances, one resonance was
markedly larger than the rest so that it was assumed to be the uniform mode
resonance and this H-field value was used as the value of HDc' Table 4-2 contains
the values of these distinct and unambiguous absorption peaks along with the
corresponding microwave cavity resonant frequency from which subsequent values of
Hu - des and g were calculated. No values could be determined for those fiims

with values of lhrMs of less than 500 G since the observed absorption peaks were

extremely weak.
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SAMPLE HPERP DC(kG) HPAR DC(kG) v{GHz.)
3-17-80A 5.5 2.0 9.360
3-17-80A(annealed) 5.1 1.3 9.359
4-25-80A 6.6 1.6 9.360
8-20-80A 6.9 1.7 9.359
8-21-80A 6.1 1.8 9.358
6-29-81C 3.2 2.4 9,357
6-30-818B 4.0 2.6 9.357

Table 4-2: Strong unambiguous FMR absorption peaks for some ferromagnetic NiCoB
films.

Table 4-3 gives the values that were obtained for Hk - 4nMs for those films for
which this measurement was possible, normalized AnMs from the force-balance
magnetometer, the resulting value of Hk, and the value of g. As can be seen here,
the amount of boron in the film very strongly influences 4nMs. Also included is Fig.
4-4 which gives a general idea of the dependence of (Ku - 2nM52) on llnMs obtained

from the values of those films which were ferromagnetic or weakly ferromagnetic.

The anisotropy observed in the NiCoB films is not uncommon in amorphous
ferromagnetic materials. Although occurrence of magnetic anisotropy has received
somewhat less attention for amorphous ferromagnetic materials (in contrast to the
extensive literature available for the ferrimagnetic RE TM fiims), recently it was

reported by Cargill et al.45

that amorphous electrodepnsited CoP and CoNiP salioy
films have a weak perpendicular easy-axis anisotropy with Hkldes equal to values
from 0.01 to O.1. Sherwood et al.%® found long-range magnetic anisotropy in
amorphous ferromagnetic metal-metalioid alloys of the type (FecoNi)on(PBA')oAzs'
quenched from the liquid state by the roller quenching technique. Work on the
composition dependence of the anisotropy of evaporated and electrodeposited NiCo

films was done somewhat earlier by Wolf%” and Prutton,® this being of some




importance since studies compiled by Lubonsky“9 show that the trend with transition
metal content is the same as for the corresponding crystalliine alloy. More recently,
Taylor12 studied approximately 100 films representing three groups of amorphous
materials: evaporated Gd‘Coi_‘ (x = 0.1 to 0.3), evaporated de(Coy Ni1_y)1_x
{x = 0.15 to 0.3, y = 0.25 to 0.5), and sputtered (deFe1-x)o.QBo.1 (x = 0.16 to 0.39). It
was observed that all of these films displayed a hard perpendicular axis of
magnetization. The evaporated films also exhibited an in-plane uniaxial anisotropy
undoubtedly due to the directionality of the vapor streams in the evaporation process
since the direction could be altered by substrate rotation during evaporation. The
magnitude of the anisotropy in the direction of the plane was on the order of 10
times less than the anisotropy perpendicular to the plane. In the sputtered films,
planar uniaxial anisotropy was only encountered when the substrates were thermally

backed during the deposition.

In the case of the NiCoB ferromagnetic films, although an anisotropy perpendicular
to the film plane was noted, no anisotropy in the plane of the film was ever
observed (see page 27), this being determined by noting that the points of maximum
resonance absorption did not shift when the magnet, and hence the applied paraliel

H-field, was rotated around the sample.

A e
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SAMPLE H - 4rM 4rM H, g COMPOSITION
£ (25°C) (weight %)
Ni Co B
3-17-80A <1450 2050 600 2.35 71.4* 22.1* 15
4-25-80A ~-4200 4900 700 2.27 72.2* 228" 0.0
8-20-80A -4550 — —— 2.32 75.2* 17.4* 2.4
8-21-80A -3300 2200 -1100 2.29 70.1* 22.4* 25
1-19-81A not enough 375 —ae- -~ 69.0" 214" 4.6
sensitivity

6-29-81C -575 650 -495 2.55 76.8% 13.7* 4.5 '

l 6-30-81B -950 935 -15 254 779" 129" 4.2

Table 4-3: Magnetic parameters for some ferromagnetic NiCoB films.
{All samples before annealing.)

*Absolute percentages for Ni and Co are values based on the
measured boron content and an estimated value of 5% impurities. However,
the ratio of Ni-to-Co percentages is correct to three places.
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Figure 4-4: Dependence of K - 2#M 2 on ‘4nM  for
NiCoB ferromagnetu”c thin fiims. s

(A1l samples before annealing.)

As noted previously,.many spin-wave resonance modes with the DC H-field applied
either perpendicular or parallel to the film plane were observed in the NiCoB
ferromagnetic thin film samples that were investigated. A comprehensive summary
of these experimental results and a comparison to the simple theory can be found in
Appendix A,

4.4 Effects of the Sputtering Conditions

As mentioned previously, the NiCoB films were fabricated by RF sputtering using
two decoupled plasmas from targets containing foils and slices of the desired
elements. In order to obtain an estimate of the composition beforehand, sputtering
yield rates of 1.5 Ni to 1.4 Co to .4 B were assumed,22.23 although theoretically, the
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published results are strictly valid only provided that the target materials are
relatively featureless. From this information and the desired composition, the Ni to
Co foil area ratio on the NiCo target was set and the NiCo to CoB target voltage
ratio was determined. Initially, the assumption was made that the contribution of
cobalt to the films from the CoB target would be negligible since the cobalt foil in
this arrangement {see Fig. 2-2) was basically being used only as a backing to prevent
copper impurities (from the backing plate) from being sputtered into the film. After
electron microprobe composition results were obtained, it was found that this was
not precisely true; hence a small correction factor, depending on the CoB target
voltage (typically 5 % additional cobalt) was used in addition to the above. This
method worked relatively well in estimating the Ni and Co percentages to within 5%
but was relatively poor for the boron composition, part of this being due to the

much smaller amount of boron desired in the film.

It was found that due to the long sputtering times required to produce a film of
reasonable thickness (e.g.. 2 hours, 30 minutes at 600 watts for a particular film of
2700 A), it was very difficult to keep all of the parameters steady for the necessary
amount of time. Due to the moving geometry, the target voltages and power to the
system were fluctuating constantly by 3 to 5 %, but it was felt that this effect
would be averaged out over the course of a sputtering run. To insure that the films
were homogeneous (that is, to make sure that the film was not fayer upon layer of
alternating target material), the amount of material deposited per table revolution was
always kept below 8 A, On numerous occasions, the plasma would simply extinguish
and refuse to ignite thereafter; this was traced to a build-up of sputtered materia! on
the dark shield (due to the long sputtering times) which would eventually begin
flaking causing a short to ground. At times, this effect was very temporary, causing
only a momentary flicker of the plasma and resulting surge in reflected power;
however, equally as common were cases where runs would have to be curtailed and
sometimes aborted. Even more common was the sporadic (and therefore difficult to
pin-point) problem of not being able to ignite the plasma on the boron target only;
evidentally, the smail dark shield aperture required (1.25 inches), along with the
thickness of the target, hindered plasma ignition; this was finally traced to arcing
between target and dark shield and appropriate adjustments to the target were made.
Substrates which were sputtered during the time these probiems occurred were not

characterized.

A problem which developed somewhat later, after the J-arm had been removed




45

several times due to other uses of the sputtering system, resulted in the substrate
table occasionally “jerking” as it rotated around causing substrates to move
considerably out of position, thereby resulting in uneven films of questionable
composition uniformity, and therefore, not useable. Although using silicon grease for
adhesion gave better results, the jerking motion was still often so abrupt that the
substrates were still displaced. A stainiess steel metal hoider with holes punched
through completely to insure thermal contact with the table was also made but after
a few uses, the surface of the holder began to buckle slightly, undoubtedly due to
the heat build-up from the sputtering, allowing the substrates to shift and make their
way under the holder. Any substrate which had become displaced in the course of a
sputtering run was not characterized since the composition was certain to be varying
within the film,

Overall, these problems did severely limit the number of samples from which
useful data could be obtained. All of the data presented in this paper represents

only those runs in which the above problems were not encountered.

It was also observed that, as the system became hotter, the table revolution speed
increased by as much as 10% during a typical run; this was not considered to be a
problem of any ccnsequence.

Independent of the problems above, it was observed that, although the power to
the system was kept constant, the voltages on each target very gradually changed
over the course of a long sputtering run. As can be seen in Table 4-4, these

changes were a function of the duration of the run and could be as much as 10%.
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TIME FORWARD POWER TARGET VOLTAGE [targets 1 and 3 (volts}]
{hrs.) {watts) (4-8-81A) {6-23-81A) (6-30-81B)
1 3 1 3 1 3
0.0 600 810 1240 780 1280 900 1450
0.5 600 810 1240 790 1300 S00 1450
1.0 600 820 1250 780 1290 850 1410
1.5 600 820 1250 780 1290 800 1300
2.0 600 820 1250 790 1310 800 1300
2.5 600 820 1250
3.0 600 820 1260
4.0 600 820 1250
5.0 600 820 1250

Tchle 4-4: Observed target voltage fluctuations with sputtering time.

As can he seen from the table, during certain runs the voltages seemed particulariy
unsteady for no apparent reason. Runs 4-8-81A and 6-23-81A are representative of a
typically steady run whereas 6-30-81B represents the opposite extreme. Since this
change in the target voltages directly affects the sputtering yields of each element
differently (especially that of boron as compared to the rest), reproducibility of film
composition using the method of decoupied plasmas was not exact. Above the
threshold the sputtering vield rises first exponentially, then linearly, then less than
linearly until it approaches a flat maximum indicating that the composition of the
sputtered film will certainly depend to some extent on the values of the target
voitages throughout the sputtering run. ‘Evidemally, the unpredictable fluctuations of
the target voltages make exact reproducibility of the film composition impossible.
This becomes a major problem in light of the fact that magnetic parameters such as
the saturation magnetization were found to depend very strongly on the precise
amount of boron in the film as can be seen in Fig. 4-5. From this figure, it is
evident that the saturation magnetization becomes zero near 4.8 weight percent boron,
this value corresponding to 22 atomic percent boron. An extensive review of various
properties of amorphous alloys including saturation magnetization by Luborsky49

shows a similar type of dependence reported in the literature for other metal-

metalloid amorphous films,
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Figure 4-5: Saturation magnetization vs. boron content in NiCoB
ferromagnetic thin films. '




SAMPLE AVG SPUTTERING  INITIAL POWER THICK- COMPOSITION

B

SPUTTERING TIMElhours) VOLTAGE SPLITTING NESS (weight %)
POWER(watts) {1 (3) RATIO (A) Ni Co
3-17-80A 560 . 820 1250 .39-.61 1650 71.4* 221"
4-25-80A 470 . 1570 420 .81-.19 2700  72.2* 228"
8-20-80A 400 3.50 1000 720 .60-.40 2100 75.2* 17.4*
8-21-80A 400 3.10 650 1000 .39-.61 3200 70.1* 224"
8-22-80B 400 3.50 300 1160 .20-.80 1600 38.8" 43.7"
12-6-80A 600 2.50 760 1380 .35-.65 2350 67.6" 216"
12-6-80C 600 2.50 610 1420 .30-.70 2300 60.5" 27.2"
12-7-80A 600 2.50 790 1350 .37-.63 2700 68.6* 212"
1-19-81A 600 2.50 820 1260 .39-.61 3200 69.0 21.4"
1-19-81B 600 2.50 780 1310 .37-.63 3200 70.3* 20.1"
1-20-81A 6§00 2.50 740 1380 .35-.65 2750 64.7" 218"
2-15-81A 600 1.25 810 1240 .39-.61 1800 68.3" 20.5"
2-15-818B 600 .63 820 1280 .39-.61 920 68.8* 2i.0"
2-16-81A 600 1.88 810 1230 .39-.61 2700 66.5" 22.0"
3-19-81A 600 10.00 810 1240 .39-61 10800 70.8 19.5
3-21-81A 600 10.00 780 1320 .37-63 10900 70.2 19.0
6-29-81C 600 2.00 760 1240 .38-.62 2600 76.8° 13.7"
6-30-81A 600 1.38 760 1240 .38-.62 2100 76.8* 135"
6-30-81B 600 2.07 900 1450 .38-.62 2950 77.9% 129"
6-30-81C 600 .68 880 1420 .38-.62 970 78.9* 12.6"

1.5

0.0

2.4

2.5

12.5

5.8

7.3

5.2

4.6

4.6

8.5

6.2

5.2

6.5

4.8

5.5

4.5

4.7

4.2

3.5

Table 4-5: Sputtering parameters, thickness, and composition of various
ferromagnetic and paramagnetic NiCoB thin films,

*Absolute percentages for Ni and Co are values based on the

measured boron content and an estimated value of 5% impurities. However,

the ratio of Ni-to-Co percentages is correct to three places.
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Refering again to 4-5, one can see that boron content reproducibility to within
+0.3% is a minimum requirement to obtain 4rrMs to within 500 Gauss of a desired
value. Using decoupied plasmas, with the changing target voltages, it was only
possible to obtain reproducibility on the order of 1 to 2 % (weight percent) for the

exact same directly controliable initial sputtering conditions.

From Table 4-5, one may obtain a general idea of the range of compositions and
thicknesses considered. Note that composition percentages do not add to 100% due
to non-magnetic impurities in the films. These impurities were taken into account
explicitly in determining the composition percentages given in this table. As
discussed in detail in Section 4.1 (see page 35), the impurities consist primarily of
copper with traces of zinc and iron; these metals in the amounts encountered are not
expected to affect the film properties significantly.

While sputtering, the parameters under direct control are the sputtering power, the
argon gas pressure, and the ratio of power being directed to each individual target.
Since mixing of the elements increases with argon gas pressure due to more
collisions between target and substrate, the argon pressure was kept at 25 mT for all
of the sputtering runs. Also, it was not possible to ignite nor sustain a plasma on
the CoB target at lower pressures approaching 10 mT. The sputtering power, which
fluctuated by £5% during each table revolution, was usually kept as close to 600
watts as possible via manual monitoring. Higher sputtering powers would have
yielded the desired thickness in less time, but this was not feasible as the system
was heating considerably at 600 watts forward power even after the cooling water
flow rate had been maximized. The initial temperature of the cooling water could

not be changed since filtered cold tap water was being used.

Although the individual target voltages could not be controlled directly, they could
be manipulated by changing either the sputtering power, the argon sputtering pressure,
or the power splitting ratio. Also the voltage labeled (1) represents that of target
position 1, the NiCo target, and (3) that of the CoB target. Now with all of these
facts in mind, one may refer to Table 4-6 where only those films for which the
power splitting ratio of NiCo to CoB of .39-61 and .38-.62 and 600 watts average
sputtering power appear. It should be noted here that the Ni-to-Co foil ratio {on the
NiCo target) is different in-going from the .39-61 to the .38-.62 data so that direct
comparison of the Ni and Co compositions between the two sets of data is not

meaningful.

[
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SAMPLE SPUTTERING INITIAL POWER THICK- COMPOSITION
TIME(hours) VOLTAGE SPLITTING NESS (weight %)
(1) (3) RATIO (A) Ni Co e

1-19-81A 2.50 820 1260 .39-.61 3200 69.0" 21.4" 4.6
2-15-81A 1.25 810 1240 .39-.61 1800  68.3" 20.5" 6.2
2-15-81B .63 820 1280 .39-.61 920 68.8" 21.0" 5.2
2-16-81A 1.88 810 1230 .39-.61 2700 66.5" 22.0" 6.5
3-19-81A 10.00 810 1240 .39-.61 10800 70.8 185 4.8
I

MAXIMUM ABSOLUTE DIFFERENCE 43 25 18
MAXIMUM % DIFFERENCE 6.5% 13.% 41.%
6-29-81C 2.00 760 1240 .38-.62 2600 76.8" 13.7" 45
6-30-81A 1.38 760 1240 .38-.62 2100 76.8" 13.5" 4.7
6-30-81B 2.07 900 1450 .38-.62 2950 77.8% 12.9" 4.2
6-30-81C .68 880 1420 .38-.62 970 78.9* 12.6" 3.5
MAXIMUM ABSOLUTE DIFFERENCE 2.1 1.1 1.2
MAXIMUM % DIFFERENCE 2.7% 8.7% 34.%

Table 4-6: Composition reproducibility for fixed sputtering conditions.

Average sputtering power of 600 watts and argon pressure of 25 mT

for all samples listed in this table.

*See footnote on page 48.

Let us now focus on the reproducibility of a desired composition and hence on the
reproducibility of the magnetic properties. Although all controllable parameters were

held fixed, the initial voitage (which could not be directly controlied) varies slightly

wq
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in some cases :for example, compare 2-16-81A and 3-19-81A or 6-29-81C and
6-30-81A) and more markedly in others (e.g.. 1-19-81A and 2-16-81A or 6-30-81A and
6-30-81B). In addition, as was shown in Table 4-4, the target voltages also
fluctuated with time. This, naturally, makes precise reproducibility difficuit as can be
seen from the microprobe composition data in Table 4-6. The absolute weight
percent of the nicke!, cobalt, and boron varied by 4.3, 2.5, and 1.9, respectively, for
the films sputtered at 600 watts forward power and at a power splitting ratio of
.39-.61, and by 2.1, 1.1, and 1.2, respectively, for those with a power splitting ratio
of .38-.62. Although this magnitude of composition deviation would probably be
acceptable in many applications (hence sputtering by decoupled plasmas is used
successfully elsewhere), the amount of boron composition deviation in the NiCoB
films from run to run is simply too great to make films with reproducible magnetic
properties. In fact, the previously mentioned requirement of 0.3% boron
composition deviation (absolute weight percent) evidentally cannot be obtained by
this method of sputtering. Besides direct control of the total sputtering power and
of the ratio being directed to each individual target, one also apparently requires that
the target voltages remain fixed throughout the run in order to eliminate the
unacceptable boron composition deviations. Note that the boron composition percent
differences are clearly above the level of microprobe measurement error {within 15%
relative or an the order of +7.5%).

Fig. 4-6 shows how the sputtering rate decreased with time by exhibiting the
dependence of film thickness on sputtering time holding all other parameters fixed.
This effect is evidentally due to the increase in substrate temperature which
increased with the length of the sputtering run. Although one can see that for the
range 0 to 3000 A the relationship appears nearly linear, likewise, a careful
inspection in the area of 2000 to 3000 A shows a slight decrease in thickness for a
given sputtering time. This trend is confirmed by the films 3-19-81A and 3-21-81A,
both of which yielded roughly 11,000 A for 10.0 hours of sputtering. It should be
noted that these are the only two films which were not sputtered as one continuous
run-- both were sputtered in two 5-hour shifts with one hour of system cooling
between. This, however, should only serve to increase the overalli film thickness for
the given amount of sputtering time. A strictly linear dependence of thickness on
sputtering time would have yielded a thickness in the vicinity of 14,000 A for 10.0
hours of sputtering. A strong dependence of the deposition rate on the substrate
temperature has been reported for a number of sputtered materials, including Si02.5°.

gallium arsenide,3' and germanium.52 In all of these cases, a marked decrease in the

deposition rate was noted with increasing substrate temperature.

)
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Figure 4-6: Dependence cf film thickness on sputtering time.

4.5 Ferrofluid Investigations (Bitter Pattern Method)

By depositing a drop of colloidal suspension of very fine magnetic particles
(Fe304) on the surface of a magnetic specimen, the configuration of the
ferromagnetic domains at the surface can generally be observed. The very fine
particles of magnetite tend to congregate in the region of the domain walls due to
the very strong local magnetic fields in the vicinity of the boundary between
domains which are magnetized in different directions. in order to induce the
formation of domain walls in the sputtered NiCoB thin films, small elliptical holes
were etched into the surface of the films via standard photolithography techniques.
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Of the various acid etches that were used, best resuits were obtained with a water
(H20) to nitric acid (HNO3) mixture of 1:1. Adding any sulfuric acid ‘“2504’ to water
or water and nitric acid mixtures always caused the films to crack and pit to some
degree and seriously decreased the adhesion of the film to the glass substrate.
Water-to-nitric acid mixtures of 2:1 to 5:1 resulted in poor detail— the time required
for etching through to the glass in these cases was too long so that overetching
occurred near the top surface of the film; mixtures of 1:2 to 1:5 resulted in excellent
detail but excessive cracking of the film. Also films with a significantly higher

boron content etched somewhat more slowly than the others.

To observe the films using ferrofluid, a “sandwich” consisting of a small piece of
microscope slide, NiCoB film-on-substrate, and microscope cover glass were epoxied
together in such a way that the NiCoB/ferrofluid was effectively sealed within the
two pieces of glass. Studies were made at a magnification of 200x with a field of
0 to 30 Oe applied perpendicular to the film in order to magnetically orient the
magnetite particles. An in-plane field of 0 to 300 Oe was applied which could be
rotated manually or at a fixed frequency. No distinct domain walls (charged walls)
were observed in these films. As discussed in Sectinon 4.7, it is felt that a higher
magnetostriction is required in the amorphous alloy in order to induce the charged

walls.

4.6 Annealing of the NiCoB Films

Since measurements made on the films sputtered initially suggested that Hk was
positive, an investigation of the effect of annealing the films to bring the anisotropy
into the plane of the film (Hk ¢ 0) was performed. Films were annealed at 300°,
350°, and 400°C for 2 to 4 hours under a vacuum of less than 3 x 10~7 torr. The
temperature was controlled with a TECO®3 TP-2000 temperature programmer
employing an iron constantan thermocouple and was accurate to within +5°. After
annealing, the system was allowed to cool to room temperature before the samples
were removed. Those films annealed at 400°C showed considerable grain formation
while the physical appearance of those annealed at the other temperatures did not
change at all; therefore, subsequent annealing was done exclusively at 300° and
350°C. Since the spin-wave spectra changed radically upon annealing for each
sample, it was not possible to compare Hk - 4uMs for the cases pre-anneal and post-
anneal to determine how the anisotropy had changed. Some of the ferromagnetic
resonance spectra that were obtained with these annealed samples is presented in
Appendix A.
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4.7 Conclusions

Using sputtering with decouplec plasmas has both its advantages and disadvantages.
The composition of the sputtered film could be easily modified by simply changing
the power ratio between targets, thereby obviating the need for many expensive,
specially-orepared, pre-alloyed targets of different composition. This is especially
useful when it is not certain which composition is required so that a broad-based
study of different compositions can be performed easily and inexpensively.
However, since the composition reproducibility is only generally within 2 atomic
percent due to the fluctuating target voltages and unstable system geometry, this
method is only feasible if such a restriction is acceptable. For this project, the very
strong dependence of the magnetic properties on the amount of boron in the films
made this method difficult to use. Although one might modify the present sputtering
system so that the target voltages could be controlled directly, it is felt that based
on the observed fluctuations of the forward power (which is being directly controlled)
during the course of a table revolution, especially as the substrate passes beneath
each target, that it would not be possible to achieve the required reproducibitity
using decoupled plasmas. Instead sputtering from a single target containing all three
elements should be implemented. The subsequent shorter spu:tering run times (30
minutes or less) and unchanging target-to-substrate geometry will result in better
reproducibility than obtained by using two-target power-splitting techniques. Also,
based on the evidence that the changing target voltages significantly influenced the
sputtering rate of the boron as compared to the nickel and cobalt, the method of
power-splitting appears useful only with sets of materials having a similar sputtering
yield dependence on target voltage. For groups of materials such as these, small
fluctuations in the different target voltages could be tolerated with little effect on
the final composition of the sputtered film.

No distinct charged walls were ever observed in the NiCoB ferromagnetic films.
Based on evidence that the charged walls form only where there is a stress-induced
uniaxial anisotropy with an easy axis parallel to the implanted/unimplanted boundary
in a8 garnet film,%4 it appears necessary to use amorphou; alloys that include some
highly magnetostrictive elements, if the desired charged walls are to be obtained.
The most likely candidates to be used to induce this high magnetostriction appear to
be the rare earths terbium and/or dyprosium-- both demonstrating extremely high
basal plane magnetostriction at low temperatures®.  Although both of these rare
earths possess very low-temperature Curie points, various combinations of these two

rare earths with the magnetic transition metals Co and Fe are found to exhibit
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moderate magnetostrictions at room temperature.ss The inclusion of these other
elements will increase the in-plane stress and hence augment the charged walls in the
film. An excellent review of magnetostriction in amorphous alloys is provided by

Luborsky4® for the interested reader.

With the composition modifications considered above, the eventual fabrication of a
magnetic bubble device, utilizing an amorphous film which includes highly
magnetostrictive rare earths as the drive layer (and thereby using stress-induced

anisotropy through magnetostriction to augment the charged walls), may become

possible in analogy with the present contiguous disk technology.
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A. OBSERVED SPIN-WAVE RESONANCES IN THE
FERROMAGNETIC NI-CO-B THIN FILMS

A.1 Brief Theoretical Discussion

Frequently, when performing FMR in thin films, standing spin-wave resonance
modes are observed in addition to or in place of the uniform mode. In some cases,
these spin-waves are associated primarily with pinning of the magnetization at the

surfaces of a uniform film; in others, they correspond to an inhomogeneous

distribution of the magnetization and/or magnetic anisotropy throughout the film
depth. Attention is now focused on the spin-wave excitations rather than on the
dynamics of the uniform mode resonance. The analysis is simplest for perpendicular
resonances, that is, H applied normal to the plane of the film. Let us initially

DC
consider the case where there is no profiling of magnetic parameters.

The dispersion relation between the frequency « and the propagation vector kK of a

traveling spin wave can be shown to be of the form:%0.56

w = yH  +Dk? -

ef
where D = 2yA/M and He” includes applied, demagnetizing, and anisotropy fields,
exactly as described previously in Section 3.2. This condition is possible if the spin
waves can be represented as standing waves set up by reflections at the film
boundaries. |If the magnetic anisotropy at these interfaces is strong enough to pin
the spins there, the problem becomes analogous to that of the vibrating string fixed
in position at both ends. These boundary conditions require a standing wave solution
of the form sin kx where k = nr/d (d being the film thickness) and n, the mode
number, is an integer. If the RF H-field is uniform within the film, as is the case
when using the microwave cavity system, n must be an odd integer in order to
excite a spin wave, since, when n is even, the transverse component of the
magnetization averages out to zero when taken over the entire film thickness. Hence,
for n even, no coupling occurs between the RF field and the magnetization. Then, in

theory, under the assumption of perfect pinning in a magnetically uniform film, one

would expect a spin-wave spectrum as shown in Fig. A-1. Note that the uniform-
mode resonance does not appear in this spectrum due to the imposed boundary

conditions.
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Figure A-1: Diagram of expected spin-wave behavior under assumption of
perfect pinning in a magnetically uniform film,

Note that all of the even-numbered modes are absent and that since the coupling
decreases as the mode number increases, one expects the amplitudes of each
resonance to decrease with mode number as shown.

Theoretically, then, due to the nature of the dispersion relation

U'yH.”‘Dkz‘ S,

it is expected that if « is kept fixed and HDC varied, that HDc would depend linearly
on n? (recall k = nn/d). This predicted n? dependence can be experimentally
confirmed by making log-log plots of the field separation from the first-order mode
vs. the mode number®’ and noting that the slope of the resulting straight line is 2.

From such plots, it is possible to find the exchange constant A if d, y, and M are
known, '
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Kittel58 first showed theoretically that it should be possible to excite standing
spin-wave modes in thin films which would absorb energy from a uniform time-
varying field. He suggested that the discontinuity of the boundary at the surface,
that is, the lowered local symmetry of the spin at the surface as compared to the
interior, might produce spin pinning. However, subsequent calculations have shown
that such a surface anisotropy would not be large enough to be effective.59 Since
then, other possibilities, many relevant to this discussion, have aiso been proposed.
For example, the NiCoB films may contain a thin antiferromagnetic surface layer, say
NiO or CoO, both being antiferromagnetic; then pinning may be caused by the
ferromagnetic-antiferromagnetic exchange interaction at this interface. Or perhaps the
magnetization of a film's surface layer may differ from the value in the body of the
film, again possibly due to differences in chemical composition. In this case, the
spins in the surface layers will resonate at a slightly different frequency compared
to the spins in the bulk of the film, thereby causing the surface spins to pin the bulk

60

spins by exchange coupling. In fact, it is possible that hoth of these mechanisms

are at work in these films.

Large deviations from the quadratic n dependence have also been

reported,61'52'63-6“

particulariy at low n values where linear n dependences have
sometimes been found. The interface pinning mode! discussed above is no longer
adequate to explain the spin-wave resonance spectrum of these films. Instead, an
effective variation of M, or 2Ku/M, through the thickness of the film in either a linear
or parabolic fashion, or some other relationship, must be assumed.’5 In addition, the
effect may be produced by a variation of Ku in the film caused, for example, by a
variation of strain through the film thickness. Furthermore, the spin-wave spectrum
is expected to collapse when the static field makes some critical angle lying between

h ori ions.
the extreme HDC PAR and DC PERP entations

Portis®5 has assumed that the saturation magnetization varies parabolically, with the
smallest values occurring at the film surfaces. When the static field is applied
perpendicular to the plane of the film, the alternating component of the
magnetization, if the parabolic potential is extended to infinity, then satisfies a
harmotic oscillator equation; this leads naturally to mode positions which depend
lirearly on n, rather than quadratically, In this way, one is lead to a spectrum which
is uniformly spaced for the lowest modes and approaches the expected quadratic

dependence only for the higher modes in which the finite extent of the parabolic

potential becomes important. Also, in this composite model, it shouid be noted that




'

the intensities drop off very slowly at first, falling finally as 1/p2 in the region of
the quadratic spacing.

The parallel spin-wave resonances observed in the NiCoB films, that is, with HDC
applied parallel to the plane of the film, will be seen to be weaker than the
perpendicular resonances, typical of results reported in the literature. Since paralie!
spin-wave resonances are observed only when inhomogeneities in the film permit the
RF field to couple to the magnetization, they are observed less frequently than the

perpendicular resonances,

in the more complicated case of changing magnetization (or magnetic anisotropy)
profile throughout the film depth, a method of numerical analysis must be employed.
Considerable research has been carried out on multilayer films consisting of two or
more layers of ferromagnetic material®6.67.68 ang in modelling ferromagnetic thin
films as consisting of different layers with depth-varying magnetic parameters."‘2
Various kinds of magnetic interactions between these layers are possible, depending
on the magnetic properties of the different ferromagnetic layers and the properties
of non-magnetic intermediate layers, if any, which separate the ferromagnetic layers,
thereby resulting in characteristic perpendicular and paralle! spin-wave resonance
spectra,4?

This type of theoretical analysis, applied to the NiCoB spin-wave resonance spectra
presented here, may aid in understanding the mechanisms by which these distinct
spectra are produced. In particular, it would be useful to explain the peculiar spin-
wave spectrum of a film such as 4-25-80A which appears to follow the composite
model of Portis®® to some extent {uniformly spaced for the lowest modes, tending

towards quadratic at the higher modes) with the additional property that pairs of

adjacent modes appear to be equal in intensity. Although the theoretical analysis of
Wilts and Prasad®? was developed for implanted garnets, by modifying it to accept
possible boundary conditions and magnetic profiles of the NiCoB films, it should be
possible to use this type of approach to explain and understand the experimentally
observed spin-wave spectra. Also, films of varying thicknesses and with known
boundary conditions (e.g. sputtering a thin layer of SiO2 or iron on both sides of a
sample film) could be fabricated and the experimental spectra determined and

compared to the spectra predicted from the theoretical model.
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A.2 Experimental Spectra for the NiCoB Films and Comparison to the Simple Theory

Many spin-wave resonance modes with the DC H-field applied either perpendicular
or parallel to the film plane, were observed in the NiCoB ferromagnetic thin film
samples that were investigated. In Figs. A-2, A-3, A-4, and A-5 are examples of
observed resonances. Since these plots represent the derivative of the absorption
with respect to the DC H-field vs. the DC H-field, the points of resonance, or of
maximum absorption, occur where the plot passes through the baseline. Table A-1
compares the conditions under which these films were sputtered and the measured
compusitions. Films which have been annealed can be identified by the added suffix
(annz:aled}, i.e., film 8-20-80A is not annealed but 3-17-80A(annealed) is. Also,
4-2£-80A(1) and 4-25-80A(2) represert two different unannealed pieces of film
4-25-80A.

SAMPLE AVG SPUTTERING  INITIAL POWER  THICK- COMPOSITION

SPUTTERING  TIME(hours) VOLTAGE SPLITTING NESS (weight %)
POWER({watts) (1) {3}  RATIO (A) Ni Co B
3-17-80A 560 4.00 820 1250 .39-.61 1650 71.4" 22.1" 15
{annealed)
4-25-80A(1) 470 4.00 1570 420 .81-.19 2700  72.2% 22.8° 0.0
4-25-80A(2) 470 4.00 1570 420 .81-.19 2700  72.2* 22.8* 0.0
4-25-BOA(1) 470 4.00 1570 420 .81-.19 2700  72.2* 22.8* 0.0
{annealed)
8-20-80A 400 3.50 1000 720 .60-.40 2100  75.2% 17.4* 2.4
6-30-818B 600 2.07 900 1450 .38-.62 2950  77.9" 12.9* 4.2

Table A-1: Sputtering conditions and composition of ferromagnetic NiCoB
thin films for which spin-wave spectra are presented.

All films sputtered at 25 mT argon pressure.

*See footnote on page 48.
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{c) dA/dH vs. applied perpendicular H-field for film 4-25-B0A(2).

Figure A-2: Typical spin-wave resonance modes observed for different unannealed
samples of the NiCoB ferromagnetic film 4-25-80A.
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Figure A-3: Resonance spectra obtained for film 3-17-80A(annealed).
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Figure A-4: Resonance spectra obtained for film 8-20-80A.
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(b) dA/dH vs applied paraliel H-field for film 6-30-81B.

Figure A-5: Other types of distinct spectra obtained for the NiCoB

ferromagnetic thin films,
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As can be seen in Figs. A-2, A-3, A-4, and A-5, the perpendicular spin-wave
resonances were generally much more pronounced in amplitude than the parailel
modes. The experimentally observed cases which are most amenable to analysis are
those cases for which four or more resonances were observed in sequence. A log-
log plot of the magnetic field separation from the first-order mode vs. the assigned
mode number n for some of the films can be found in Fig. A-6. From this plot, we

can see that for the two samples 4-25-80A, AH the magnetic field separation

of each mode from the first-order mode {i.e., mgSePE::), depends linearly on n at low
n values [e.g. 4-25-80A(2) follows AH = 175n - 175 for n = 3, 5, 7] and then deviates
from this behavior at higher mode numbers. At mode numbers greater than 9, the
slope becomes greater than one, implying that the expected quadratic behavior is
being approached for the higher modes. A Dbetter signal-to-noise ratio at high
sensitivity would have been required to confirm this by enabling observation of the
weak modes above mode number 13. The difference in the exact positioning of the
two plots for samples 4-25-80A(1) and 4-25-80A(2) is due to a small difference in the
thickness of each sample3’ since when measuring sample thicknesses it was
observed that the thickness of the films tended to decrease by 10 to 15 % near the
edge of the sample wafer as compared to the center. For sample
4-25-80A(1)Mannealed) [annealed at 300°C for 3 hours under vacuum], an nC8
dependence can be observed from the plot (the equation which describes this line
well is AH = 265n%8 - 175). Since four peaks of nearly the same amplitude were
observed for the sample 3-17-80A(annealed) [annealed at 300°C, 3 hours]. the mode
located at the highest value of H-field was arbitrarily chosen as the first-order mode

in order to compare this case to the others on a log-log plot.

One may also compare the mode separation and intensities of the NiCoBb samples
to those expected from theory‘55 for the case of a linear or a quadratic dependence.
Table A-2 gives the H-field values at which resonance occurred along with their

intensities for those films which appear in Fig. A-6.
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SAMPLE MODE NUMBER
1 3 5 7 9 1 13

4-25-80A(1)

H-field (Oe) 7880 7420 7020 6530 6100 5670 5010

Intensity

(arbitrary units) 8.75 3.50 3.40 1.85 2.30 0.30 0.60
4-25-80A(2)

H-field {Oe) 7580 7160 6800 6380 6000 5610 4990

Intensity

{arbitrary units) 8.70 3.30 3.20 1.30 1.60 0.20 0.70
4-25-80A(1)(annealed)

H-field (Oe) 6660 6200 5880 5550 5180  ---- -—

Intensity

(arbitrary units) 7.00 2.50 1.60 0.70 0.50 ——-- -

Table A-2: H-field values and intensities of the observed resonances for
films 4-25-80A, both unannealed and annealed samples.

Table A-3, derived directly from Table A-2, shows the mode separation and mode
intensity for the same films normalized to the spacing between the first two modes

and to the intensity of the first-order mode, respectively.
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MODE NUMBER

1 3 5 7 9 1 13

4-25-80A(1)

AH (Oe)
(nolr)r%gﬁ%d)

intensity
{normalized)

1.00 0.87 1.07 0.93 0.93 1.43

1.00 0.40 0.39 0.21 0.26 0.034 0.069

4-25-80A(2)

AH {Oe)
(no?r%gﬁ%d)

Intensity
(normalized)

1.00 0.86 1.00 0.90 0.93 1.48

1.00 0.38 0.37 0.15 0.18 0.023 0.080

4-25-80A(1)annealed)

AH {Oe)
(noPr%gﬁgzd)

Intensity
{normalized)

1.00 070 072  0.80 —

1.00 0.36 0.23 0.10 0.071 === -~

linear or quadratic modes.

Table A-3: Experimentally determined mode separation and mode intensity
for film 4-25-80A, both unannealed and annealed samples.

Now we may compare these values to those predicted from theory assuming either

In Table A-4 is shown the observed normalized mode

separation of the three NiCoB samples as comparied to the expected normalized
separation for both the linear and quadratic case.
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the smaller spacing of the anneafed fifm for whicti it was determined that the mode

= 11 mode is more widely spaced.

film 4-25-80A to theory.

theoretically predicted for the linear and quadratic cases.
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n LINEAR QUADRATIC 4-25-80A(1) 4-25-8B0A(2) 4-25-80A(1Mannealed)
1

1.00 1.00 1.00 1.00 1.00
3

1.00 2.00 0.87 0.86 0.70
5

1.00 3.00 1.07 1.00 0.72
7

1.00 4.00 0.93 0.90 0.80
9

1.00 5.00 0.93 0.93 ----
11

1.00 6.00 1.43 1.48 -
13 ’

Table A-4: Comparison of mode separation of various samples of

It is seen here that the first 5 modes appear linearly spaced for the unannealed
Also, one can clearly see

separation went as n%8 instead of depending linearly on n. In Table A-5 is shown the

experimentally observed normalized mode intensities as compared to that which is




N

n LINEAR QUADRATIC 4-25-80A (1) 4-25-80A (2) 4-25-B0Alannealed)

1 1.00 1.00 1.00 1.00 1.00
3 .50 1 .40 .38 .36
5 .38 .040 .39 37 .23
7 .31 .020 21 .16 .10
9 .27 012 .26 .18 07
1 .25 .0083 034 .023 -

Table A-5: Comparison of mode intensities of various samples of
film 4-25-80A to theory.

The first 5 modes for the films 4-25-80A(1) and 4-25-80A(2) tend to roughly follow
the linear intensities but the n = 11 mode is much weaker. One peculiarity for these
two films is exhibited by the fact that the intensities for modes 3 and 5, and again
for 7 and 9, are nearly equal, unlike anything expected from the simple theory. By
increasing the sensitivity of the FMR system, higher order resonances can be
observed and one will be able to determine if, in fact, the mode behavior does

become quadratic at higher modes as the results above seem to indicate.

It was also observed that the spin-wave spectrum collapsed when the static field
made an angle of 14° from the film normal for sample 4-25-80A(1). The observed
spectra for varying angles of inclination of the applied static field (with 0° defined
as Hoc applied normal to the film p.ane) can be seen in Fig. A-7. As can be seen
here, at angles of 14° and greater, only the first-order mode remained.

Continued study of the distinct spin wave spectra which were obtained appears to
be a viable avenue for further research. A very thorough analysis will yield
experimental spectra which can then be compared to theoretically generated spectra
based on the boundary conditions and magnetic profiles of the NiCoB films similar
to the method employed by Wilts and Prasad®? to implanted garnets. Also, it would
be possible to sputter films with established boundary conditions by sputtering a thin

layer of the appropriate material (e.g., Fe, Si02, etc.) on one or both sides of the
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Figure A-7: Observed spectra for varying angles of inclinatién of the applied
static H-field.
NiCoB film and then studying the resulting spectra. In addition, the present samples
could be reduced in thickness by sputter-etching in 200 to 300 A steps and the
spectra obtained for each thickness and compared to one snother. In particular,
spectra of the kind exhibited by sample 4-25-BOA appear especially suited for further
analysis. This type of work will aid in explaining, for example, whether the interface
pinning model is valid for these films, how the value of M vearies throughout the
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thickness of the film, and whether a variation of the strain through the film might be

producing a variation of Ku through the film thickness.

In addition to the FMR analysis using the X-band microwave cavity, a potentially
more useful system employing a stripline is available. Although the resulting RF H-
field across the sample when employing the stripline is less uniform than that
obtained by the cavity, thereby perhaps causing higher order weak modes to be
excited more strongly than in a uniform RF field, it may be possible to check the
spacing and intensities of order 15 and greater to confirm that a quadratic (1/n?)
intensity dependence and a quadratic mode separation dependence is indeed observed.
An added advantage of the stripline lies in the fact that the frequency need not
remain fixed; in fact, besides sweeping the DC H-field at different values of fixed
frequency, it is also possible to sweep the frequency while maintaining the H-field at

a constant value.

Further, a ferromagnetic resonance system in the Department of Physics operating
at K-band (24 GHz) couid aiso be used to obtain spectra with a uniform RF field and
at a much different frejuency than with the X-band system. Spin-wave spectra

obtained at this frequency could then be compared with those from the X-band

system.

A
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CHARACTERIZATION OF MICROSTRUCTURE IN ION-IMPLANTED GARNET
BY TRANSMISSION ELECTRON MICROSCOPY®

T. Yoshiie, C. L. Bauer and M. H. Kryder, Carnegie-Mellon University,
Pittsburgh, PA 15213

Introduction

Ion implantation 1s commonly used to modify magnetic properties of garnet
for bubble device applications. Although changes in magnetic properties with
implantation dose have been investigated in detail, corresponding changes in
microstructure have received relatively little attention. The purpose of this
investigation is to characterize the evolution of microstructure in garnet as
a function of implantation dose by transmission electron microscopy.

Experimental Procedures

Films of (SmYGdTm)sGaoiFews032 garnet were grown by liquid phase
epitaxy (LPE) on gadolinium-gallium garnet (GGG) substrates and subsequently
implagted with ions of deuterium at 60 keV and doses ranging from 1.0 to 5.0 x
10'%D;/cm? and with ions of oxygen at 110 keV and doses ranging from 1.9 to
9.5 x 10'*0*/cm®. Specimens were then thinned in directions both parallel and
perpendicular to the implanted surfaces and examined in a JEOL 120CX electron
microscope.

Experimental Results

Typical results are presented in Fig. 1, wherein bright field images and
selec;ed micro-microdiffraction patterns of specimens implanted with (a) 4.5 x
10*®p;/cm® and (b) 3.0 x 10'®D;/cm? and 5.8 x 10'“0%*/cm? and subsequently
thinned perpendicular to the implanted surface are pictured. In general, the
implanted surface, the LPE/GGG interface, and distinct bands, aligned parallel
to the implanted surface, are observed.

The band pictured in Fig. 1(a) terminates at about 450 nm below the
implanted surface, corresponding to the penetration depth of deuterium. The
microstructure within this band was investigated by selected-area diffraction,
but neither Debye rings nor halo rings, associated with polycrystalline or
amorphous structure, respectively, could be observed. Therefore, it is con-
cluded that this band is delineated by the difference in strain between the
implanted and unimplanted regionms.

Implantation with both deuterium and oxy§en+changes the structure more
drastically. For example, a dose of 3.0 x 10'°D2/cm? and 5.8 x 10'*0" /cem?
produces two distinct bands, associated with implantation of both deuterium
and oxygen (Band A) and implantation of deuterium (Band B), as pictured in
Fig. 1(b). Micro-microdiffraction patterns from these bands indicate that

Band A is amcrphous whereas Band B is crystalline, since halo rings and sharp

*Supported by the Air Force Office of Scientific Research under Grant 80-0284.
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(a) (b)

Fig. 1. Bright-field images and selegtedzmicro—microdiffrac:ign patterns in
garnet imglanted with (a) 4.5 x 10°®D;/cm? and (b) 3.0 x 10'®D2/cm?® and 5.8 x
100" /cm? and subsequently thinned perpendicular to the implanted surface.
The implanted surface, LPE/GGG interface, and distinct bands, aligned parallel
to this surface, are evident.

diffraction patterns are observed, respectively. Moreover, Band A terminates
at about 180 nm below the implanted surface, corresponding to the penetration
depth of oxygen, whereas Band B terminates at about 450 nm below the surface,
as previously noted in reference to,Fig. 1(a). Similar iesults were obtained
with doses ranging from 1.0 x 10'%D,/cm? and 1.9 x 10'“0" /cm? to the maximum
values reported. Again, Debye rings, associated with polycrystalline structure,
could not be observed. The amorphous structure, however, can be transformed to

the original (crystalline) structure by annealing at or above 200°C.

Discussion and Summary

Results indicate that, for the energies and doses reported herein, implan-
tation with oxygen produces highly strained regions, which, upon further
implantation, expand and rearrange to form a metastable amorphous layer, where-
as implantation with deuterium only produces strained regions. The resulting
microstructure is envisioned to evolve in three stages: First an implanted
band, delineated by the strain profile, is formed; then isolated amorphous
regions are formed below the implanted surface; finally, the amorphous regions
expand to form a continucus band extending to the 1mglanted surface. The
critical dose for this last stage is about 3 x 10'®D;/cm? and 5.7 x 101'0+/cm2.
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ABSTRACT

This thesis presents the results of work done in the electrical engineering
department of Carnegie-Mellon University. The research is in partial fulfillment
of the requirements for a Master of Science degree. Films in the GdCoMoAr
system were fabricated by RF sputtering and their magnetic parameters were
determined wusing optical and graphical methods. Relationships between
fabrication conditions and film composition have been determined for the CMU
sputterer and the resulting values of magnetization, characteristic length,
stripwidth, dominant sublattice at room temperature, quality factor, exchange
constant, collapse field and uniaxial anisotropy constant were either measured
or determined from static magnetic bubble parameter charts. Both fabrication
and magnetic data are compared with previous!ly published values where
possible. Further modifications to the basic GdCo ferrimagnetic spin system

are discussed and directions for future research are conjectured.




INTRODUCTION

Amorphous gadolinium cobalt molybdenum argon (GdCoMoAr) thin films,
have, in the past, been investigated as a possible magnetic bubble material. It
was discovered by researchers at IBM that a GdCoAr system possessed
sufficient uniaxial, perpendicular anisotropy so as to permit the formation of
magnetic bubbles'. The ease with which compositional and thus magnetic
parameter variation is induced makes these materials especially attractive to
"alternative applications” that other materials cannot so easily address. For
instance, in addition to its utilization as a bubble device storage layer,
feasibility of this ferrimagnetic spin system from a magnetooptic Standpoint
has been demonstrated? 3 4, This study represents the first step in the
initiation of GdCoMoAr research here at Carnege-Mellon University: the
establishment of a fabrication procedure flexible enough to allow fiims of

varying properties to be made.

Since the formation of magnetic bubbles is the property for which
GdCoMoAr is highly touted, it is worthwhile to compare this material with the
standard magnetic bubbie material - garnet. Garnet is a single-crystal oxide
grown on single-crystal nonmagnetic garnet substrates by the process of liquid
phase epitaxy. From an economic standpoint, the necessity of using such
substrates and the combined need for a number of expensive rare earth metais
in both substrate and grown film push up the cost of garnets. GdCoMoAr, on
the other hand, is an amorphous material sputtered onto either glass or silicon
substrates. The cost of such commonplace substrates does not even approach
that of gadolinium gallium garnet, the usual garnet substrate. The sputtering
process is one which is well known in the semiconductor industry. Hence, It
is a thoroughly studied, commonly available, rapid fabrication method. Liquid
phase epitaxy. aithough used to grow such semiconductor crystals as GaAs, is
a costly, time consuming process. From a physical point of view, GdCoMoAr

systems offer other advantages: a temperature insensitivity in the submicron




bubble range and freedom from the equilibrium solubility requirements to
which single-crystals are bound. The research presented herein defines the

fabrication and characterization procedures related to GdCoMoAr thin films.




CHAPTER 1
BUBBLE MATERIAL PHYSICS

A suitable magnetic bubble material - usually in the form of a thin film -
possesses magnetization perpendicular to the film surfaces. The magnetization
vector, M, is analogous to the polarization vector, P, which arises from a
distribution of electric dipoles. The divergence of the magnetization at the
material’s surfaces results in the formation of magnetic poles, and the
resulting situation can be likened to the familiar parallel plate capacitor. When
a material’s magnetization vector lies along a certain axis in the minimum
energy state, the material is said to exhibit anisotropy about that axis. In the
case of bubble materials, this single "easy” axis is perpendicular to the fiim
plane thus its anisotropy is designated uniaxial perpendicular anisot-opy. The
energy associated with uniaxial magnetic anisotropy is mmimized when the
magnetization coincides with the easy axis and is maximized for a 90°
deviation from this easy axis. Directions where anisotropy energy is
maximized are termed "hard” directions. The energy relationship for uniaxial

anisotropy is translated into equation form below:

E = K sin%f (1.1
V] [¥]

E uniaxial anisotropy energy density
u

K umaxial anisotropy constant
1%}

6 angle of magnetization with respect to the easy axis

Under conditions where no external fields are present, half the material has
1ts magnetization pointed upward and half pointed downward; the material ts in
its lowest energy or demagnetized state and the net magnetic moment is zero.
When viewed under a microscope in properly polarized light, a magnetic bubble
material appears as a maze of hght and dark stripes which are actually the

magnetic domains. One observes such domains by the polar Kerr effect which

1s the magnetooptical techmque used for highly reflective (i.e. metalh¢c




sampies of perpendicular magnetization. When a sample is magnetized such
that positive poles litter its refiectin, surface, a plane polarized beam of light
at 0° incidence emerges from the sample surface elfiptically porarizeds. Thus
the situation can be seen as a rotation of the plane of polarization of the
reflected beam by the magnetic domains; the polarized light is rotated in
opposite directions by domains of opposite polarity. By adjusting the

microscope’s analyzer, the light and dark stripe pattern is generated.

Were it not for the presence of uniaxial anisotropy, the magnetization of a
bubble film would be oriented in the plane of the film because it is here that
the demagnetization energy is minimized. This is due to geometrical
demagnetizing effects. in a magnetic solid without any other type of
anisotropy. the magnetization tends to lie parallel to the longest dimension of
that solid (shape anisotropy). A spherical magnetic solid, for example, has no
preferred direction whereas a needle-like solid has shape anisotropy about its
long axis. Any movement of the magnetization from this direction is opposed
by demagnetizing fields which are proportional to the magnetization and whose
strength depends on the sample’s geometry. The energy density assoc:ated

with demagnetization is expressed in the equation below:

= - :
ED /zHDM (1.2}

ED demagnetization energy density

HD demagnetizing field vector

It is therefore apparent that the uniaxial anisotropy competes with the shape
anisotropy for the direction in which the magnetization will lie. This
competition has given rise to a quantity called the quahity factor for magnetic
bubble films. For the magnetization of a bubble film to be oriented
perpendicular to the film's surface, the anisotropy energy must exceed the
demagnetization energy which is 2nMszsin26 for a bubble film (n.b. the angle
6 s identical to that of equation (1.1)). The quality factor®, Q. 1s defined
below:

Q=E/E_=KIi2rM?2 (1.3
v D u s

Of course, films capable of sustaining bubbles must have a Q greater than
one but in practice higher values are sought n devices for greater bubble

stability,




In a magnetic material, adjacent electron spins tend to be aligned paraliel or
antiparallel to one another. This is a result of the quantum mechanical
exchange interaction. The exchange energy associated with this interaction
prevents abrupt changes in the orientations of adjacent spins. A suitable
expression for the exchange energy in GdCoMoAr or other magnetic bubble

films is given below:

E_= Aldf/dx)? (1.4)
E‘ exchange energy density
A exchange constant

8 as shown in Figure 1-1

It was previously stated that the lowest energy configuration of a magnetic
bubble film without any applied field is a serpentine maze of antiparallel
magnetizations. The domain walls separating these regions of antiparallel
magnetizations are called Bloch walls; an example of which appears in Figure
1-1. The magnetostatic or demagnetization energy of the system is reduced
by these antiparallel domains in the following manner: the magnetic poles or
charges littering the surfaces of a magnetic film of totally parallel
magnetization would result in a high magnetostatic energy situation due to the
separated, uncompensated charges. The presence of these serpentine domains
puts poles of opposite polarity in close proximity on the surfaces thereby
reducing energy. This reduction in demagnetization energy is reflected in the
energy of the domain walls produced. The resulting wall energy may be
expressed as

o = 4lAK )2 (1.5)
W v

o wall energy density
w

The wal!l energy gives rise to a convenient parameter for bubble materials
known as the charactenistic Iengths. Knowiedge of its value can yield
information regarding the stable bubble diameter for a particular material: the
stable diameter is around either eight or nine times the characteristic length
depending on the film's thickness (eight times for bubble diameters equal to
twice the thickness). Its relationship to wall energy is given below:

| = awldﬂMsz (1.6

| characteristic length







The application of an external magnetic field also introduces an energy
termed the magnetic field energy. The magnetic field energy density can be

expressed as in the equation below:

EH = - MH (1.7)
EH magnetic field energy density

H applied magnetic field vector

Thus all of the important energy terms contributing to the total energy of an
amorphous bubble material have been defined. The various parameters
associated with these energy terms will be cited quite frequently throughout
the text of this treatise in connection with the specialized case of GdCoMoAr
films.

The preceding discussion concerned magnetic bubble films without specific
reference to the bubbles themseives. These will be treated briefly. Magnetic
bubbles are created by applying a magnetic field perpendicular to the plane of
the bubble film thereby perturbing the stripe domain energy configuration,
Augmenting the applied bias ‘ield causes the stripes whose magnetization
opposes the field to shrink thus increasing magnetostatic energy and
decreasing wall energy. With adequately large bias fields, the stripes shrink
into stable cylindrical magnetic domains whose magnetization opposes the
applied magnetic field durectione; these domains are called bubbles. Their
diameter is determined by mimimizing the total energy consisting of magnetic
field energy, demagnetizing field energy and domain wall energy. Figure 1-2
illustrates the process from the stripe domain configuration to the creation of
stable bubbles.

As mentioned in the Introduction, the GdCo ferrimagnetic system 1s a
material able to address unconventional applications. One such novel!

2.3 4. Jasers can be

apphication lies in the area of thermomagnetic recording
used to read and write bubbles (data bits) into a material. It has been shown?
that GdCo films having a compensation temperature {the temperature at which
the magnitudes of the antiparaliel Gd and Co magnetic moments become equal
in the immediate vicinity of room temperature will sustain bubbles in the
absence of an applied bias field. Figure 1-3 illustrates the coercive force of a

GdCo film with 5°C <« ch’mr ¢ 10°C as a function of temperature. The
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coercive force or coercivity is half the width of a material's hysteresis loop

1

(measured on the abscissa). In a physical sense, coercivity can be thought of
as a field which pins the magnetization to a particular direction. The
electronic spins will only reverse direction if an opposing field of greater
magnitude than the coercive force is applied. The coercive force - Hc - goes
to oo at the compensation peint thereby making the spins of a written bubble

immovable. Nucleating bubbles {(writing) is done by focussing the laser on a

portion of the film thus raising the temperature of the irradiated area enough
to significantly decrease the coercive force {moving to the right of Tcomp in
Figure 1-3). After the laser is removed, the stray fields from the surrounding
material - augmented by a small applied field because of the material’'s low
magnetization in the vicinity of its compensation temperature - induce an
antiparallel magnetization in the cooling film - the bubble. The resulting
bubble’'s diameter is a function of the laser's spot size and not of the
magnetostatic, magnetic field and wall energy system minimization. A
sufficient increase in Hc could also be brought about by the incorporation of
oxygen, chromium or other additive into the GdCo spin system ({(to be
discussed). Most magnetooptic research has centered on pure GdCo which has

a larger, Kerr angle than GdCoMo because Mo decreases the polar Kerr

rotation®.
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CHAPTER 2
BACKGROUND INFORMATION

2.1 FILM STRUCTURE

The GdCoMoAr system is of interest in its amorphous thin film form - the
fabrication of which will -be discussed at length in a later section. The
amorphous structure is desired for its advantageous magnetic properties;
temperatures between 300°C and 750°C induce crystallization with higher
temperatures attributed to thicker films and/or higher Gd content'C- ''.  The
termm “amorphous” usually defined as the absence of long range order at
equilibrium can be misleading since a fine columnar microstructure
perpendicular to the substrate has been observed in GdCoAr films'% '3, One
group of researchers '3 has suggested that the Ar incorporated into the film
during fabrication is responsible for the appropriate microstructure’'s growth by
forming a boundary between adjacent columns. This hypothesis appears sound
since GdCo films having an in-plane anisotropy develop a small perpendicular
anisotropy when annealed in oxygen: fine channels of oxidized Gd delineated

columns in annealed films'?%.

2.2 FILM CONSTITUENTS

In order to understand the magnetic behavior of these films, it is important
to grasp the role of each element in the material. Basically, the Gd and Co
form a ferrimagnetic spin system of two sublattices. The exchange energy s
minimized for antiparallel spin orientations of the 3d Co electrons and the 4f
Gd electrons. It has been shown that this system complies with the Neel
two-sublattice model'® which predicts the variation of magnetization with
temperature. The theory relates the exchange between similar (self-exchange'
and dissimijiar atoms to a molecular field which is proportional to the

magnetization ot Its environmenit 16, These proportionality constants are
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determined from atomic separation distances and i‘he quantum mechanical spin
vectors of the magnetic atoms. In its simple form, this molecular field has
the form shown below:

Heo * " NeocoMeo * NodcoMos 2.1

Hoo = NoacoMeo ™ Noaca™ee (2.2)

H molecular field of its subscript

N proportionality constant representing
the exchange between its subscripts

M magnetization of its subscript

Whether determined theoretically or experimentally, the typical relationship
between magnetization and temperature appears as in Figure 2-1. In this
figure, the individual sublattice magnetizations are shown along with therr
combined behavior. The temperatures at which the total magnetization goes to
Zero are important to the designer of a magnetic bubble film: bubble devices
are operated in the region where the Co sublattice moment dominates because
it is here that the magnetization is most insensitive to temperature. The
compensation point (Tcomp in Figure 2-1) is that temperature at which the
sublattice magnetizations cancel each other; the Curie point (TC in Figure 2-1)
is that temperature at which the thermal energy of the electrons exceeds the
exchange between them resulting in a random arrangement of spins.
Compositional variation allows the film designer to tailor Curie and
compensation point placement, It is desirable from the standpoint of
temperature insensitivity of bubble domains to tailor film compositions so0 as
to yield optimal Curie and compensation point placement: the Curie point
should be at least 150°C above room temperature, the difference between
Curite and compensation points shouid be greater than 300°C to insure
maximum flatness of the magnetization versus temperature curve, and the
temperature midway between Curie and compensation points (Tm) should be

less than room temperature to maintain decreasing Mmagnetization with

temperature”. The latter point may require some clarification: if the
magnetization increased with temperature then an increase in bias field would
be necessary to stabilize bubbles, but the barium ferrite permanent magnets
placed in the device package to produce this field have decreasing
magnetization with temperature. Figure 2-2 illustrates these critical

temperatures as a function of composition,




14
YT M -
A
> - --§‘\\
N\
\\
\
N
N\
_ Nt Gd
TTTm -l - \ sublatTtice
S~ N\
~ N
\\\
\‘\\
Tota/ \\\\
maanc‘f’.'za'f?on \ Co
(’/ sublattice
—> 1
Teom P Te FemperaTure

Figure 2-1. Typica! Relationship Between Magnetization and Temperature
for GdCoMoAr Films




15

090 r

ORI OO
N R

v,
(T

088 -

086

[ Y3 o

078 I TEE YTRE TR T

Figure 2-2: Critical Temperatures as a Function of
(Gd,_Co) Mo Composition’
- -

1




16

Temperature stability of the highly coercive GdCo films wused for
thermomagnetic recording applications has been found to be excellent. It has
been reported2 that bits written into these coercive films were stable at
temperatures between -40°C and 60°C. This is due to a continuous or abrupt
compositional change within the film which contains the room temperature
compensation point composition. Such films also maintain written data in the

presence of opposing fields in excess of 350 Oersteds (Oe)?.

In Figure 2-2, the presence of Mo is clearly seen to affect a bubble
material’'s temperature characteristics. Mo, a nonmagnetic constituent of the
system, reduces the film's overall magnetization in the temperature region
where the Co moment dominates. Bozorth'8 gives data showing the Co
moment is reduced at the rather rapid rate of 6.5,:8 (/lB is the Bohr magneton)
per fraction of Mo atom. Such a rapid quench rate defines Mo as a spin
dilutent of Co'S: spin dilution invoives the transfer of electrons from Mo to

the 3d band of Co thereby lowering its moment'>,

The exchange constant,
which depends on the individual atomic moments also decreases thereby
lowering the Curie pointzo. The presence of the diluted Co also effectively
increases the Gd content of the film tnus causing the compensation

temperature to rise.

The other non-magnetic constituent of the film - Ar - is incorporated as an
inevitable by-product of the fabrication process. During sputtering, a negative
bias i1s applied to the substrate to induce perpendicular anisotropy {discussed
in previous subsection) by capturing ionized Ar during film formation. The Ar
trapped within the film acts as an alloy dilutent: alloy dilution is merely the
displacement of magnetic atoms by non-magnetic atoms thereby lowering
magnetizatnon’g; it has been found that Ar decreases magnetization by 13.5%
for every 5 atomic percent (at.%) of Ar in the film'?.  The increase in Ar
content initiated by increasing the substrate bias does not! appreciably affect

the Curie or compensation temperatures ' ’.
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2.3 POTENTIAL FILM ADDITIVES

Aside from Mo, other elements could possibly be added to the GdCoMoAr
system to “fine tune” the magnetic properties. Oxygen could be mixed with
the Ar sputtering gas causing the sputtered Gd to form Gdzo3 thus reducing
the Gd content, lowering the compensation temperature and raising the Curie
point. It has been found that films fabricated with oxygen had coercivities
higher than films experiencing no oxygen contamination?'- 22,

The other elements which are known to influence the Co moment include
chromium (Cr), gold (Au) and copper (Cu); each of these will be treated briefly.
Films of the GdCoCr system have been fabricated and Cr has been found to
behave in a way similar to Mo. Sensitivity of the coercive force of GdCoCr
to oxygen incorporation is much greater than GdCoMo: films sputtered at base
pressures below 1078 torr (little 02 contamination) exhibited coercivities around
1 Oersted while those made around 108 torr (3-13 at.% O2 contamination) had
coercivities rise to 10 Oe'’. GdCoAu films demonstrate that Au is an alloy
dilutent of Co much the same as Ar. Au maintains a high magnetization and
anisotropy by slowly lowering the Co moment while preserving temperature

2328 cy appears to be midway between spin '

characteristics similar to Mo
and alloy dilution as seen by its effect on the Co moment. In GdCoCu films,
a2 change in the Co to Cu ratio of -48% - with constant Gd concentration -
reduces magnetization by 25% and increases the compensation temperature by
35%25.  With the exception of Cr, all the aforementioned additives cause the
anisotropy of their respective GdCo system to severely deteriorate as a result
of high temperature annealing. Anisotropy changes occur in GdCoMo and
GdCoCr after high temperature annealing but these changes are minimal.
Typically, films experience temperatures between 200°C and 300°C during
processing into devices. Decreased anisotropy results in a decreased quality
factor. Therefore it is this high temperature sensitivity which makes films n
the GdCoCu and GdCoAu systems inferior to those of GdCoMo; the GdCoCr
system’'s susceptibility to high coercive forces causes it to be undesirable for

bubble memory applications.
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CHAPTER 3
THE SPUTTERING PROCESS

3.1 ADVANTAGES OF SPUTTERING

Films in the GdCoMoAr system are typically deposited by sputtering
although the literature also contains data for evaporated films. Therefore,
before proceeding with a description of the actual sputtering process, it would

be useful to outline some of the advantages of sputter deposition26

® Film thickness is controllable by suitable adjustment of sputtering

voltages and gas pressure.

® There are no difficulties with the ejection of larger agglomera‘es
which often occurs in vacuum deposition.

® Unigque properties of the sputtered materials can be brought forth
through biasing of the substrate.

® Several materials can be deposited atop one another without
breaking vacuum.

® Multi-component compounds can be created from single element
sources without regard to vapor pressure disparities among the
materials. -

The main disadvantage to the sputtering process is that deposition rates tend
to be relatively low. Yet, the advantages of sputtering films have earned it a

place in a number of the procedures for semiconductor and magnetic bubble

device processing.
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3.2 AN OVERVIEW OF THE PROCESS

The simple schematic in Figure 3-1 shows the basic D.C. sputtering
configuration. The material to be sputtered is attached to the target assembly
which is in turn connected to the nega. /e terminal of a D.C. power supply. A
suitable substrate for the desired film is placed directly beneath the target.
The sputtering chamber is evacuated to a predetermined pressure and then
backfilled with an appropriate gas - usually an inert gas is used when no
chemical reactions are sought. To begin the process, a low pressure eiectrical
discharge (glow discharge) is ignited to induce ionization of the introduced gas
(plasma). The negatively biased target is bombarded by positive ions from the
plasma with energies in the 0.1 to 1.0 keV range?’. Through an exchange of
momentum, target atoms are knocked loose; some of which will fall onto the
substrate to form the film. The discharge is sustained by the plasma
electrons of energies in the 0.1 to 1.0 keV range27 which ionize the sputtering
gas. The sputtering apparatus just described is called diode since the

negatively biased target forms a cathode of the electrical discharge.

D.C. methods cannot be used to sputter nonconducting ‘targets because of
positive charge accumulation on the target surface due to ion bombardment.
The difficulty can be overcome by using radio frequency (RF) sputtering - the
type used to fabricate GdCoMoAr at CMU. A schematic of an RF diode
sputterer is shown in Figure 3-2. In this configuration, the electrodes reverse
anode/cathode roles at times during each half cycie. The discharge is operated
at a frequency (13.560 MHz) that is sufficiently high sc that significant charge
accumulation does not occur when an electrode is cathodic. Maissel?® gives
an account of the plasma’s behavior during sputtering. At the MHz operating
frequencies. the massive ions’ low mobility makes them move much more
sliow!ly than the electrons. As the electron cloud approaches one electrode,
the other electrode 1s left with a predominance of positive 1ons I1n its vicinity
which takes up the applied electrode voltage and a s:tuation sir.alar to the D.C.
case occurs. Due to the capacitive nature of the electrode placement, the
total current {(ions + electrons! to a given electrode must be zero. However,
since electronic mobility exceeds the i1omic, the electron cloud need approach a
given electrode for a very short time during ea_h half cycle to balance the ion

current. Thus, in steady state, both electrodes develop a D.C. bias reiative to

the plasma potential {(set equa' to zero 1N most analyses) such that the
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electrodes approach or exceed the plasma potential for very short periods.
This is shown in Figure 3-3. From this diagram, it can be seen that the
maintenance of negative DC potentials at both target and substrate, which
nearly equal their respective RF potential amplitudes, relative to the plasma

implies continua! sputtering at both electrodes.

For many applications, a substrate potential equal to that of the plasma is
sought so that the composition of the deposited film will not differ from that
of the target due to film resputtering: target elements having the highest
sputtering yields - the number of target atoms ejected per incident ion - will
be resputtered off the substrate in the greatest numbers. If compositional
changes in the film are sought through resputtering, a small bias is applied to
the subsirate and the process is termed bias sputtering. Figure 3-4 illustrates
the bias sputtering process. For bias sputtering, an impedance is added to the
substrate electrode circuit so that the potential of this electrode can be
controtled. The structure of the deposited film is also changed both by the
ion bombardment damage and the incorporation of Ar into the films. Damage
to 2 film by ion bombardment results from the kinetic energy of the incident
Ar ions which alters the film's microstructure from that of a film sputtered
with no substrate bias. Ar incorporation results from the trapping of the
sputtering gas by the layers of depositing target atoms. At very high

substrate biasses, resputtering can occur at rates sufficient to refease this

trapped Ar.

—
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CHAPTER 4
SPUTTERING THE AMORPHOUS FILMS

4.1 FABRICATION FACILITIES

The GdCoMoAr films fabricated at CMU were sputtered on a Perkin Eimer
2400J RF diode sputterer with a capacity of three six inch targets. The
system is not equipped with a load lock option and must be pressurized to
atmosphere to insert substrates and/or remove films. A roughing pump is
used to initially lower the pressure in the sputtering chamber after which an
Air Products cryogenic high vacuum pump lowers the chamber to pressures on
the order of 1077 torr. Cooling for the target and substrate table during
sputtering is provided by filtered, city tap water with a flow rate as high as 2
liters/minute; the temperature of this water and thus the degree of cooling is
dependent on the season. Ar is the only sputtering gas used and its purity is
rated at 99.999%.

The mechanism by which low base pressures are attained is the cryogenic
pump. This system is akin to a refrigerator and uses helium under high
pressure to maintain temperatures as low as 15K within the pump. Upon
exposure to the interior of the sputter's bell jar, gases are frozen in the cold
regions of the pump. Repeated pumpdowns during the normal routine of
sputtering result in temperature increases within the pump as gases build up;
the temperature of the cryogenic pump may be read from a gauge on the
pump’'s exterior. The temperature will rise during sputtering as the introduced
Ar is removed but consistent readings of temperature over 18K with no Ar in
the system have been found 1o lengthen pumpdown times. Also, high
cryogenic pump temperatures could cause unwanted impurities in sputtered
films: the high temperatures produced during the sputtering process release

absorbed gases from the sputterer's interior and only a cryopump in good

operating condition can mitigate contamination of fiims, A regeneration




26

procedure involving the return of the cryopump to r>0m temperature

effectively restores the pump to peak operating performance.

As previ' usly stated the roughing pump, a mechanical pump which utilizes
special oi for its operation, initially iowers the system’s pressure before the
chamber’t exposure to the cryopump. The crossover pressure between these
pumps i an important consideration. A high crossover pressure - between
.150 ano .200 torr - imparts a greater load on the cryopump thus lessening the
time between regenerations. 0On the other hand, a low crossover pressure -
between 0.040 and 0.050 torr - could induce a backfill of roughing pump oil or
the oil's more volatile components into the sputtering chamber if a xylene
valve is not present between chamber and pump28 {the CMU system has no
such valve). The fiims described in this thesis were fabricated using high

crossover pressures in light of the danger of film contamination.

The desired magnetic properties of GdCoMoAr are dependent on its
amorphous structure. The high temperatures encountered by the films during
bias sputtering create the potential for crystallization if adequate substrate
cooling is not provided. Beneath the surface of the table on which the
substrate rests is a water well connected in series with similar wells behind
each target. Water into the system passes through a special filter before
reaching these wells. This filter must be kept very ciean for maximum
throughput especially in the warmer months since no heat exchanger is present
to cool the incoming water. In addition, since the water connects serially, the
flow rate can be seriously altered if detritus, which builds up over long
periods of time in the water wells, lodges in the lines. Substrate cooling will

be discussed further on in this chapter.

Recently, Jim Fury, a member of the technical staff at the General Electric
Research and Development Center in Schenectady, New York, and the author
used an MKS Baratron capacitance monometer to measure Ar pressures within
the sputtering chamber. The monometer readings were compared with those of
the Perkin Elmer thermistor gauge present on the system. The results of ‘'is
comparison are shown in Table 4-1. The salient lack of correspondence
between the devices and the fairly large spread of thermistor readings at

lower pressures should serve to caution those sputtering films sensitive to Ar

pressure as the monometer’'s high accuracy contributes to its wide use as a
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Table 4-1: Comparison of Ar Pressures Measured with a Perkin Eimer
Thermistor Gauge and an MKS Capacitance Monometer
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standard. In the remainder of this thesis, Ar pressures quoted in experimental
results are uncorrected and represent the Perkin Elmer thermistor gauge
reading.

4.2 TARGET FABRICATION

The sputtering targets used for the films described herein were composites
of foils of the individual elements attached to a Cu backing plate which is in
turn screwed to the sputterer’'s target assembly. This arrangement was chosen
to facilitate changing target composition - a parameter which is initially
difficult to determine.

The circular Cu backing plate was 5.876 inches in diameter and 1/8 inch thick.
The elemental foils were each 0.01 inches thick. Co strips measuring 6 inches
by 1 inch were first laid over the backing plate compietely covering it. Atop
the Co, two right triangular sections each of Gd and Mo, cut with "tin snips”,
were attached. To fasten these foils, Epoxy Technology's Epo—Tek 3021 dual
component, thermally conducting, silver epoxy was used. The two layers were
laid down separately. Heat is required to cure this epoxy and a temperature
of roughly 125°C has proved to be adequate. After applying one layer of the
target, a piece of Al is clamped down over the assembly and placed in an
appropriate oven for one hour. Two cautions are in order: the curing epoxy
emits gaseous acetic acid among other things thus requiring that the oven be
ventilated to curtail pressure buildup; after removing the target from the oven,
allow it to cool completely before unclamping the Al sheet since the epoxy
does not harden untii cool. Upon completion of the foil sttachment process,
the excess material may be removed with a band saw and the screw holes
punched out. A schematic of the completed target is shown in Figure 4-1.
This figure shows that the tips of the Gd and Mo triangles have been
truncated and replaced by a square whose area equals the area of the lost
materials. By doing so, the problem of curing epoxy being squeezed out from
beneath the “hard-to-glue” tips is circumvented.

To insure the integrity of the epoxy under high sputtering temperatures, Dow
Corning high vacuum grease is applied between the backing plate and target
assembly for intimate thermal contact. The grease is easily removed with
isopropy! alcohol (ipa). Before sputtering any films, the target epoxy must be




TARGET
SCREWS

Co

Co

Gd

APPROXIMATE COMPONENT SURFACE AREA :
Co > S2%

Gd = 26 %
Mo > /6%

Figure 4-1: Target Schematic




30

completely outgassed by presputtering. An RF power of 300W and an Ar
pressure of 0.03 torr for 4 hours has worked very well in this regard.

4.3 GdCoMoAr FILM FABRICATION

The optimal multicomponent film would possess a8 homogeneous composition
throughout its volume. A target configuration such as that shown in Figure 4-1
will not yield such a film unless the substrate is subject to complex rotation
during sputtering. Since such & feature is unavailable on the Perkin Eimer
2400J, other methods to partially homogenize composition were employed: the
target-to-substrate distance was stretched to its limit and high Ar pressures
were used. A large target-to-substrate distance should result in sputtered
atoms undergoing more collisions with gas ions prior to their reaching the
substrate thus homogenizing the film; high sputtering gas pressures ingrease
the chances for such collisions to occur. These high Ar pressures 8iso tend
10 increase anisotropy (Ku) dramatically in GdCoMoAr?'. As seen in
Figure 4-2, maximum Ku - and thus Q - is achieved at the point of greatest Ar
incorporation. Three plots made at Ar pressures of 10 miliitorr {mtorr), 25
mtorr and 50 mtorr are shown. It is evident from these graphs that the
lowest Ar pressure studied results in an anisotropy peak at a higher bias
voltage than the other pressures. Since substrate heating is & function of bias
voltage, these low sputtering pressures are undesirable. The 25 mtorr and 50
mtorr plots show Ku peaks at nearly equivaient substrate biases with a greater
peak height at 50 mtorr. Since the difference in peak height is small,
consideration of the efficacy of very high Ar pressures can be given. Such
pressures will lessen the time between cryopump regenerations hence
unnecessarily increasing sputterer downtime. In light of this fact, the pressure
of 30 mtorr was chosen 3s the exclusive value to be used: it was close to
the tighest commonly used pressure on the system and published composition
data at 30 mtorr simplified cross-checking with the literature. It should be
mentioned that the monotonic decreases in ~r content are caused by enhanced

substrate resputtering at the highest biases.

The fact that the target is screwed into the system’'s assembly introduces
the problem of impurity introduction from these screws. To prevent
contamination, an Al aperture was instalied between target and substrate. The

aperture, & disk with 8 3.25 inch hole cut out of its center, is electrically
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connected to the sputtering chamber thereby precluding Al sputtering.
However, significant accumulation of sputtered material and its array of
unpresputtered oxides do cause contamination through the adsorption of water
vapor as demonstrated by unusually long pumpdown times when apertures go

uncleaned.

The base pressure 8t which sputtering is started will affect the overall
properties of the deposited film. As stated in section 2.3, oxygen
contamination is augmented at high base pressures. Since no study of film
characteristics as @8 function of base pressure was sought, most films were

fabricated at base pressures around 6.0 x 1077 torr.

As mentioned in the previous section, substrate heating during deposition is
detrimental to the amorphous structure as well as the magnetic properties of
GdCoMoAr. Though one is unable to vastly improve substrate cooling beyond
revamping the sputterer's cooling system, the establishment of intimate
thermal contact between substrate and substrate table improves the efficiency
of a system’s cooling capability. The application of a thin layer of gallium
{Ga) to the back of the substrate has proved to be an effective thermal link2?,
A melting point of approximately 30°C atlows the Ga to be spread with a
metal spatula and to be removed - after heating 60 seconds at 125°C - with
an ipa-soaked cotton swab. The Ga is spread in & circular area concentric to
the round substrates feaving a 0.25 inch annulus between Ga and wafer edge to

prevent contamination of the film during fabrication.

Dow Corning 0211 cover glasses were the exclusive substrate used for the
film- described herein. The choice of this glass was based on several
considerations: ava:lability, optical purity ({(an implication of surface
cleaniiness), dielectric nature (for optimum fieid absorption during magnetic
parameter measurement) and track record as GdCoMoAr substrates?®.  The
cleaning procedure for these substrates involves their immersion in & heated
surfactant solution such as Micro soap or Joy dishwashing liquid, subjection to
heated ultrasonic cieaning for 5 minutes anc a plasma ashing with purified air
8t 250W and 1 torr. The plasma asher is & system which uses an ionized gas

to polymerize hydrocarbons whose presence is harmful to the sputtered film.

The fabrication of pure films implies cleanliness of both target and substrate
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table. Repeated exposure to atmosphere causes surface oxidation of target
materials; Gd is by far the most reactive in this respect. Such oxides are
removed immediately prior to sputtering a8 film by presputtering the target with
the intended substrate and table across the chamber from the target position,
it has been found that an RF power of 300 W and Ar pressure of 30 mtorr for
30 minutes works well. Usage of the sputterer by others depositing other
materials necessitates the cleaning of the substrate table to avoid
contamination. Impurities mentioned in section 2.3 such as Au and Cr are
commonly sputtered in the CMU system and could prove troublesome when
sputtered off the table during bias sputtering. Therefore, at the outset of @
bliock of runs, the table should be sputter etched at 500 W and 10 mtorr for
one hour. The color of the Ar plasma can serve as a direct indication of
target or table cleanliness. Blue is the characteristic color of the Ar plasma
with the presence of a blue plasma being an implication of the absence of
significant amounts of impurity gases. The color, red, indicates the presence
of oxygen in the plasma and is the initial color during presputtering.

The tendency for these materials, Gd in particular, to develop oxides while
attached to the target carries over to the films. These ox'des manifest
themselves as & cloudy magnetooptic image of the microscopic stripdomain
configuration or, in the worst case, as white discolorations over the film's
surface. Usually discoloration can be traced to in-system contamination such
as exposed epoxy but surface oxidation sufficient to destroy the magnetooptic
view is normal under atmospheric conditions. The application of an SiOz
overcoat to films prior to their exposure to atmosphere has been found
adequate to curtail this phenomenon. An RF power of 150 W at 10 mtorr Ar
for 5 minutes produces 8n approximately 0.21 micron (ym) overcoat. To
optimize the magnetooptic effect, it is desirable that the overcoat’'s thickness
correspond to Y of the wavelength of the light used to observe the
stripdomains. '
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CHAPTER 5
CHARACTERIZING THE AMORPHOUS FILM

5.1 DETERMINATION OF FILM COMPOSITION

Electron microprobe techniques were the exclusive means by which
compositional analysis was performed. The author did not personally do the
measurements rather the analysis was carried out at the Genera! Electric
Research and Development Center. In brief, the electron microprobe operates
by exciting inner electrons of the sample atoms with a high energy electron
beam. These excited electrons emit characteristic x-rays which are analyzed to
determine the type of atom from which they came. Results are in the form
of weight percents which are easily converted in‘o0 atomic percents.
Throughout this thesis, all compositions are given in atomic percentages.

5.2 THICKNESS MEASUREMENT

Knowledge of a sputtered magnetic material’s thickness is crucial to a proper
understanding of its magnetic properties. This parameter was determined
through the use of a Dektak stylus device which measures the height of an
etched step. The precision of a thickness measurement is dependent on the
steepness of the etched step. In practice, either "holes” are etched in small
portions of the film or hillocks are etched out; the choice is up to the
discretion of the experimenter. In any case, thicknesses herein were measured
by placing the Dektak’'s stylus atop the film and allowing it to drop off the
step. The resultant step height is recorded on a8 strip chart.

Etching the particular step is accomplished by masking portions of the film
to be saved and dropping the film in a solution to which the film is
susceptibie and the substrate inert. The principal masking material has been 2
black wax which is dissolvable in and reconstitutable from trichiorethylene

-~
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(TCE). Normally, a small chunk is mixed with sufficient TCE to vyield a
workable solution and a thin layer spread over the film. After the TCE has
completely evaporated, the sample can be inserted into the etchant. The wax
is easily removed by a TCE dip. Photoresist (1350J) can also be used as 2
masking material: it is spun onto the sample, the biunt edge of » single-edged
razor blade is dragged across areas where holes are desired, the sample is
baked st 125°C for ten minutes and the sample is etched. Photoresist is
removed by immersion in acetone. The author has shied away from this
procedure because of the necessary extended heating of the sample.

The etchant used throughout the course of experimental work has been a 1:3
solution of nitric acid (HN03) and water. The reaction takes place
approximately 45 seconds after immersion and, coupled with a black wax
mask, yields nice steps. Should one wish to determine the thickness of an
SiOz overcoated film, the oxide must be removed from the sample's surface
{n.b. insertion of an overcoated film into the etchant solution provides valuable
insight into the condition of the SiOz film). The standard oxide etchant,
hydrofluoric acid (HF), is both dangerous and harmful to the glass substrate.
in lieu of this, 8 3% solution by weight of ammonium bifluoride and water has
been found most effective. The soaking of a slip of 0211 glass in this
solution over a twelve hour period has produced no discernable change in its

weight or appearancezs.

5.3 MAGNETIC MEASUREMENTS

6.3.1 DETERMINATION OF MAGNETIZATION, CHARACTERISTIC LENGTH AND
DOMINANT SUBLATTICE

Fowlis and Copeland:’o develioped a rapid method for determining the
magnetization and characteristic length of a magnetic bubblie film and it is this
method that is used here, exclusively. Film thickness, bubble collapse field
and domain period of a straight domain configuration are the only parameters
needed. Observation of stripes and bubbles was done on a Leitz Orthoplan
polarizing microscope with TV camera, monitor, magnetic field coils (paraliel
and perpendicular fields) and still camera attachment. A variety of lenses are

svailable but pictures appearing in this treatise were made with either 50X or




100X lenses. The straight domain configurations mentioned are generated by
applying an alternating perpendicular field for short periods. The domain
period (Po) is merely the total width of a light and dark stripe pair. The
bubble collapse field ‘Hcou) measurement requires that bubbles be nucleated in
the film and this is easily accomplished. The application of an in-plane field
to a demagnetized film (i.e. in @ hard direction) will cause the stripdomains to
form a bubble iattice3'. The magnetooptics laboratory possesses a device
which applies a high in-plane field pulse to the film (this device works by
capacitive discharge). Bubble lattice generation by this method does not
require a pulsed field, only a field of sufficient magnitude. It has been noted
that this device does not have sufficient power to generate such a lattice in
high magnetization GdCoMoAr films. Instead, & straight domain configuration
is formed. In such cases, the film should be piaced in an x- or y-oriented in-
plane field within the microscope’s coils where a higher in-plane field is
attainable. The microscope set-up includes apparatus for obtaining quantitative
field measurements. Appropriate tables containing values of i/h and Hm"/d’rMs
for various values of P /h give the sought after results30,

Knowledge of dominant subliattice magnetization and thus whether 'I’cwp is
above or below room temperature can be determined optically. A fiim of
known dominant sublattice is saturated in a perpendicular field with a note
made of its color {light or dark), the microscope's polarizer setting and the
orientation of the film (film side up or down). Other films viewed at the
same polarizer setting and orientation which have the same dominant sublattice
display the same color as the reference since the dominant sublattice moment
follows the applied field direction. The other color is noted for dissimilar
dominant sublattices. Co is solely responsible for rotation of the light's plane
of polarization due to its significantly larger Kerr angle‘.

5.3.2 DETERMINATION OF Tl:lE UNIAXIAL ANISOTROPY CONSTANT

The static magnetic bubble parameter chart'’ (to be seen in the next chapter)
is the exclusive method used for determining a value of the uniaxial anisotropy
constant. In using this graphical aid, the values of dvrMs and | were measured;
the value of A was estimated; and the value for Q and Ku were read off the
chart. As seen in Figure 5-1, it is not unreasonable to assume an exchange
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constant between 2.0 x 107 and 4.0 x 10~7 erg/cm for GdCoMo bubble fiims,
thus making use of the parameter chart convenient. Ar is assumed to have a
negligible effect on the exchange constant and is not considered in Figure 5-1.
The presence of other impurities in the author’'s films allows only reasonable
estimates of A to be made from the known values of 4wM‘ and | with Figure
5-1 used merely as a guide. Therefore, the values obtained for Ku should be
regarded as estimates of the true value. The completed charts for several

samples are given in the following chabpter.
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CHAPTER 6
RESULTS AND DISCUSSION

6.1 COMPOSITION DATA

Herein is presented the resuits of microprobe snalysis on various films made
for this study. The films, their sputtering conditions and compositions are
listed in Table 6-1. An explanstion of the cataloging procedure is in order: the
first group of numbers represents the date on which the particular film was
made, the letter merely separates films made the same day, the number
foliowing a letter represents the target configuration used to fabricate 8 set of
films and the presence of an asterisk («) signifies that the sample was
overcoated prior to its removal from vacuum. Compositional data is not
listed for overcoated films because these were originally intended for
ferromagnetic resonance experiments and are duplicates of microprobed films.

it is correct to assume that those films made before July 1981 contain
concentrations of Cu. This is due to the fact that the original target
configuration (#1) did not occlude the Cu backing plate completely. At that
time, it was believed that the presence of the sperture would prevent Cu
contamination. Although the aperture did stop most of the Cu from reaching
the film, there is strong evidence for the supposition that the heat in the
vicinity of the target during sputtering is sufficient to cause some Cu
evaporation off the “dirty” aperture and into the film. Complete coverage of
the target and regular maintenance of the aperture eliminated contamination
problems. For the purposes of compositional analysis, the quantity of Cu
present in a film was equally divided among the desired constituents. The
reasoning behind such 8 move is the assumption that each atom of Cu
dispiaces an stom of Gd, Co and Mo thus the ratios of the latter elements are
preserved. The Co/Gd and Co/Mo versus substrate bias are shown for two
sets of films in Figures 6-1, 6-2, 6-3 and 6-4. It is evident that the Co/Gd
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¢18101% g0 0
(881A1Y 20 L0
68%iB1"| 100 (A2
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¢iogici*} 10 | 4o
AT O
[03%1A2 () L0 _162.10 |22.13 |14.2¢
jo421A2 | 10 60 1¢3.07]21.73 |1s20
losg182] IS 0 162.22 [21.46 |15.83
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10681821 60 60 164.90 | /17.16 | 18.03
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1: Compositional Analysis of Films for Various Sputtering
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content exhibits a linear relationship to substrate bias for biases above 30 or
40 V. This is extremely convenient for the film maker in light of the
compositional variation with cooling water temperature (the reason why films
st very high biases are scarcel. An indication of compositional change with
cooling water temperature is apparent in the change of slope (however slight)
between like plots. The fact that the changes are so slight points to the
success of the Ga backing used on the substrates. Similar plots made by IBM
researchers in calibrating their equipment are shown in Figure 6-5. A
comparison of their plots with those of the author demonstrates that the
fabrication procedures outlined heretofore have been a complete success. It
should be noted however that the dotted portions of Figures 6-1 and 6-3 are
modeled after the IBM curves. This region is actually of little concern to the
magnetic bubble researcher because, as previously mentioned, uniaxial
anisotropy increases with substrate bias and, normally, biases greater than 40
V will be used.

Measurement of Ar content of listed films is not available due to the lack
of a proper Ar microprobe standard (s material containing 8 known smount of
Ar). In lieu of this, 8 qualitative determination of the rise of Ar content with
substrate bias was obtained. Figure 6-6 shows the readout from a mass
snalyzer hooked up to the General Electric microprobe. The amount of Ar is
seen to rise with substrate bias, with little or no Ar at 20 V. This is to be
expected if one observes the curves presented by IBM in Figure 6-5. Now that
the CMU ion implanter is operational, a standard can be made by implanting »

film with & known dose of Ar and quantitative measurements can be done.

6.2. SPUTTER ETCH RATE CALIBRATION

"During the course of film making, it will probably become necessary to
sputter etch o;ide layers off uncoated films for the purposes of
characterization. This rate has been calibrated using an RF power of 300 W
snd sn Ar pressure of 10 mtorr. The results appear in Figure 6-7. A removal
rate of 0.031 ym per minute was found for the sputtering conditions stated.
One should use this calibration only as 8 guide since the rate will vary with
substrate temperature. In cases where the author sputter etched fiims, the
thicknesses were aiways remeasured for maximum accurscy. The calibration
of sputter etch rate has been valuable in that knowing the rate of film erosion

prevented the Joss of irrepiaceable samples.
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Optical analysis is crucial to the acquisition of magnetization and
characteristic length data. Stripwidths are easily obtained from photographs or
directly off the TV monitor. Photographs taken of various samples sppear in
Figures 6-8 through 6-14. Three of these photographs deserve specisl mention.
Figure 6-8 is a dramatic exhibition of compositional variation over the surface
of a film. The photograph was taken about mid-radius on the sample listed.
Figure 6-9 shows the raft of bubbles cited in the previous chapter. It is from
such a configuration that the bubble collapse field is measured. Figure 6-10
shows @8 stripe configuration typical of films having Tcomp near room
temperature (the temperature at which all photographs were taken). Irreguiar
stripe patterns such as Figure 6-10 are visual indications of the high
coercivities shown by films near compensation temperature. The remaining
photographs show films in order of increasing Co content and decreasing Gd
and Mo contents (i.e. increasing substrate bias). Since the Co:Gd ratio
increases much faster than the Co:Mo ratio, the trend of decreasing stripwidth
from Figure 6-11 to 6-14 is expected. The fuzziness exhibited by some of the
photographs is attributable to an oxide layer atop the uncoated sample which
formed during the hour long period between their exposure to atmosphere and
the photographic procedure. Differences in overall appearance are caused by
the fact that some were photographed with 8 50X lense on our old microscope
and the others with a 100X jense on our new scope.

As mentioned in the previous chapter, 4nM‘ sand | evaluations were
performed using optical methods while Ku was determined from the static

bubble parameter charts using an approximated A. These values are compiled
in Table 6-2 along with the corresponding thicknesses, stripwidths, bubble
collapse fields, quality factors and dominant sublattices at room temperature.
The determination of the anisotropy constants for the samples listed in Table

6-2 sppear in Figures 6-15 through 6-19.
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Figure 6-8: Sample 61081B1 Exhibiting Stripwidth Varistion [scaie:
14.8ymicm]
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Figure 6-9: Sample 61181A1 Exhibiting 8 Bubble Raft [scale:

4.71pmicm]
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Figure 6-10: Sample 6881A1 [scale: 4.71,m/cm]
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Figure 6-11:

Sample 6108181 [scale: 4.71ym/cm]
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Figure 6-13: Sample 33181A1 [scale: 4.71,m/cm]




Figure 6-14: Sample 10781A2 [scale: 4.71ymicm)
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Table 6-2. Tabie of Magnetic Data for Bubble Films
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CONCLUSION

Since this thesis concentrates on the basics of GdCoMoAr fabrication and
research, future study of this spin system at CMU will be free to concentrate
on new applications. It has been shown that GdCoMoAr thin films can be RF
sputtered with relationships between composition and fabrication conditions
similar to those shown in previously published papers. Although it will be
necessary to investigate the magnetic parameters of this spin system in
greater detail, the difficulty of determining a proper target composition and
sputtering truly magnetic thin films is virtually eliminated.

At various points in the text, literature concerning thermomagnetic recording
applications for GdCoAr films is cited. This is an exciting, new area for
amorphous, magnetic films which CMU research will investigate and to which
much of the work contained herein is readily transferrable. Already, GdCoAr
films have been successfully made using the results obtained from GdCoMoAr
study. In addition, the augmented polar Kerr rotation of GdCoAr makes optical
observation and characterization much easier than for films containing Mo.
The fabrication conditions developed for GdCoMoAr are also applicable to
other amorphous materials which are prepared by RF sputtering such as TbFe,
GdFe or other s-pin systems.

L
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DIRECT OBSERVATION OF HEAVILY ION IMPLANTED LAYERS

IN GARNET

INTRODUCTION

irradiation produces numerous atomic collisions within a material, resulting in a
spectrum of atomic displacements. In the case of ion implantation, not only
interestitials and vacancies but also cascades of displacements are produced, since
implanted ions have large energy. When irradiation dose increases, a build-up of
defects and their interaction occur in the material. In some cases, a crystalline
material containing a large density of defects can be transformed into an amorphous
material.

Our previous investigations of ion implanted garnet described in last year’s Progress
Report (10/1/81) with 60 keV deuterium to a dosage of 0.95x10'4/cm?, using the
techniques of electron microscopy, showed that no change occurs in structure and
that strain distortions at ion-implanted boundaries can be observed.

During this past year, the structure change of ion implanted garnet with increasing
impiantation dosage was investigated. Amorphization of garnet crystais was
observed with 60 keV deuterium to a dosage. of 3.0x10'8/cm? and 110keV oxygen to
a dosage of 5.7x10'%cm?.  In order to study profiles of implanted oxygen and
deuterium layers, a cross-sectional TEM technique was developed. Preparation
procedures of cross sectional samples, irradiation profiles and amorphization of
garnet with oxygen and deuterium implantation and annealing behavior of amorphous
garnet are described below.

SAMPLE PREPARATION

The samples were implanted at room temperature with 60 keV deuterium ions at
doses of 1.0x10'% to 5.0x10'6cm? and 110 kev oxygen ions at doses of 1.9x10"? 1o
9.5x10'%/em?2.  Two types of garnet samples were examined by electron microscopy.
One type is for the observation normal to the implanted surface. For this purpose
the garnet was thinned from the back side so that the LPE layer was preserved.
These techniques were described in the previous progress report (10/1/81).

The other technique is for the observation of the cross section - i.e,, normal to the
implanted surface. The samples were prepared as follows: After ion implantation,
two pieces of garnet were bonded with modified epoxy resin Araldite 502 and
Hardener HY 956 with implanted surfaces in contact with each other. The bonded
couples were then mounted in 8 simple stainless steel clamp under a8 moderate
pressure, which could be adjusted via four tightening screws, and cured at 60°C for
five hours.

Thin slices, spproximately 0.5mm in thickness, were cut by a diamond saw. These
slices were subsequently mechanically polished to a thickness of 50ym, attached to




one-hole mesh (hole radius of 1mm) and ion milled with 6 keV argon ions to produce
samples transparent to an incident electron beam.

STRUCTURAL CHANGE DURING ION IMPLANTATION

The structural changes detected by electron diffraction as a function of the dose of
oxygen and deuterium ions are shown in Fig. 1. In Fig. 1 (a) the sample was
implanted with 1.0x10'6 deuterium/ecm? and 1.9x10'% oxygenlcmz. Discrete diffraction
. spots and faint halo rings are observed, indicating that a small amount of amorphous
material has been produced in a predominantly crystalline matrix. After ion
implantation of 2.0x10'6 deuterium/cm? end 3.8x10'% oxygen/cmz, halo rings become
stronger and diffraction spots become weaker, as shown in Fig. 1 (b), indicating an
increase in the degree of amorphization with increasing implantation done. When the
garnet was implanted with more than 3x10'® deuterium/em? and 5.7x10'% oxygenlcmz,
no spots were observed and only halo rings and a few Debye rings, which indicate
the existence of small crystallites, were observed, as shown in Figs. 1 (c) and (d).

A bright-field, dark-field image and corresponding electron diffraction pattern for a
specimen implanted with 5x10'6 DZIsz and 9.5x10'% 0*/cm? are pictured in Figs.
. 2(a), (b) and (c) respectively. No discernible structural details are visible in the bright-
field image but the existence of small crystallites (approximately 5 nm in diameter)
can be observed in the dark field image corresponding to the Debye rings pictured in
Fig. 1d). The diffraction conditions for the dark-field image correspond to the
circled spot in Fig. 2(c).

Cross sectional electron microscopy of ion implanted garnet showed that damage
formed in some distinct bands as can be seen in Fig. 3, 4, 5 and 6. The interface
between LPE and GGG can also be observed in each micrograph.

Figuré 3 shows the cross sectional .transmission electron micrographs of garnet films
implanted with different doses of deuterium only. No change was observed with the
implantation of 1.5x10'® deuterium/cm? (Fig. 3 (al). With increasing dosage, however,
an observable band was formed, as can be seen in Figs. 3 (b} and (c). The dosage of
deuterium is 3.0:&101alt:m2 and 4.5x10‘6/cm2, respectively. The édge of the band is
estimated to the 0.45 gm from the surface of the garnet, and it can be considered to
represent the penetration depth of deuterium. The crystalline nature of the band of
the damaged layer was investigated by a selected area electron diffraction technique.
No evidence could be found of Debye ring or halo ring associated with polycrystal
structure or amorphous structure. For this reason, it is concluded that the band
profile is caused by the difference of strain between the implanted and un-implanted
region. The interface between the parent GGG and LPE layer can also be clearly
observed.

fon implantation with oxygen and deuterium changes the structure drastically. Figures
4, 5 and 6 show cross sectional transmission electron micrographs of garnet with




different doses of oxygen and deuterium. After the dose of 1.5x10'® deuterium/cm?
and 2.85x10'4 oxygenlcm2 a narrow band of 1500 A appeared as can be seen at the
top of Fig. 4. For the investigation of this band, 8 micro-micro diffraction technique
was used, in which a diffraction pattern from an area less than 100 A can be
obtained. Micro-micro diffraction patterns inserted in Fig. 4 show that the band
consists of a crystalline part and an amorphous part, since in the diffraction from
the band, both halo rings and spots are observed. No evidence could be found of
the existence of smali crystaflites. Below this thin band the material is completely
crystvalline. as indicated by the corresponding electron diffraction pattern,

The formation of an amorphous layer on the surface was observed at doses of
3.0x10'6 deuterium/cm? and 5.75x10'% oxygen/cr’n2 (Fig. 5) and 4.5x10'® deuterium/cm
and 8.6x10'4 oxygen/cm2 (Fig. 6). Diffraction from the amorphous layer is shown in
these figures. The thickness of both amorphous layers was sbout 1800 A. There is
also no evidence of the existence of small crystallites between the amorphous fayer
and crystalline substrate.

CRYSTALLIZATION PROCESS OF AMORPHOUS GARNET

The amorphous structure formed by ion implantation with 4.0x10'® deuterium/ecm? and
7.6x10'4 oxygenlcm2 shown in Fig. 7 was studied as a function of temperature.
Electron microscope observation was done normal to the ion implanted surface. No
significant change in the structure was observed for annealing temperatures below
150°C. By annealing at 200°C for 30 minutes, however, small crystallites appear in
the amorphous structure. Figure 8 shows the bright-field electron micrograph and
corresponding diffraction pattern. In the diffraction pattern, some spots which
indicate the existence of crysta.llites can be seen. When the sample was annealed at
200°C for 1 hour, growth of a single crystal was observed from the inner part of
the film. The arrow in Fig. 9 shows thickness extinction conte.:s which were not
found after the previous annealing. Contours are only observed in the single crystal.
As the amorphous layer existed only on the surface of the garnet, the growth of »a
single crystal can be considered to be epitaxial growth from the single crystal region
of the inner part. When the annealing temperature was increased up to 250°C, no
change was observed as shown in Fig. 10. '

DISCUSSION OF RESULTS

Cross sectional transmission electron microscopy clearly shows the formation
kinetics of an amorphous layer on the surface of garnet. At low dosage ((0.5x1016)
deuterium/cm? and 0.95x10'4 oxygen/cm2 no change was observed without strain
profiles at ion implanted boundaries. As the implantation dose increases ((1.0x1016)
deuterium/cm? and 1.9x10'¢ oxygenlcmz, isolated amorphous regions are directly

formed, which can be seen in Figs. 2 (a8} and 5. White and black spots in the band
of Fig. 5 may come from both amorphous regions and crystal regions. These




isolated amorptous regions increase “and finally a continual amorphous layer is
formed by further ion implantation. The critical dosage of amorphization is below

3x10'6 deuterium/cm? and 5.7x10'4 oxygenlcmz.

No evidence of small crystallite formation was observed by cross sectional
transmission electron microscopy. However, by the observation from the surface
normal to the ion bombardment direction, small crystallites were observed. The
Debye rings in Figs. 1 {c) and (d), and dark field image in Fig. 2 (b} show the
evidence for this. These facts lead to the conclusion that small crystallites exist
only in the very thin surface region. The surface receives a relatively small amount
of damage, even after heavy ion implantation, since implanted ions do not exist in
the shaliow surface layer. Recovery of damage may occur easily in this shallow
surface.

Oxygen implantation plays a dominant role for the crystalline to amorphous
transformation, since no drastic change was observed to be caused by deuterium
implantation. Two: types of amorphization processes by ion implantation have been
proposed (J. Bourgoin, Solid State Communications, 34, (1980) 25). One type is
amorphization with heavy ion implantation where the concentration of defects in the
cascade can be large enough to induce the transformation, and isolated amorphous
regions are directly formed. The other type is amorphization with light ions where
the critical concentration of defects is reached only after several ions have come to
rest at the same region. In this case, an abrupt transformation of an implanted layer
is expected. In our experiment, the former type of amorphization process has been
observed. It is due to the fact that oxygen atoms are relatively heavy.




(c)

(d)

Fig. 1 Electron diffraction patterns of garnet implanted at room temperature

with different doses of oxygen ind deuterium ions: a) 1.0x10° deuterium
and 1.9x1014 oxygen, b) 2.0x10'° deuterium and 3.8x10'4 oxygen,

c) 3x1016 deuterium and 5.7x1014 oxygen, d) 4x1016 deuterium and
7.6x1014 oxygen.
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(b)

(a)

Amorphous garnet after annealing at 200°C for 30 min.

Fig. 8




*SINO3UO0D UOTIDOUTINI SSIUYDTYI
S33eDTPUT MOIIe UY °IhOY T I0J Do,00Z 3¢ burTeauue aajzje jauaebd snoydaouy 6 "b1a




*uUTW Qf 103 Do0GC 2Ie burTesUUe Ia333je 3duxeb snoydaouy

Q) (®)

0T

*b1g




Fabrication of Contiguous Disk Magnetic Bubble Devices

Introduction

Progress has been made in the following areas of device fabrication during the past year.

o Fabrication and testing of contiguous disk devices for 1um bubbles on single layer garnet
{lilms

e Redesign of the sample holder for the electroplating apparatus to improve plating
reliability

e Direct writing of bubble propagation patterns on garnet wafers by etectron beam
e Design of full function bubble memory chips for various bubble diameters

Also, a Karl-Suss contact aligner with a deep UV illumination system as well as a near UV system
and a capability of 0.1um alignment has been installed and is being tested using various photoresists

to determine achievable resolutions and optimum process conditions.

In the following sections. the work done in the above mentioned research areas will be described in

detail and tuture research directions will be given .

Device fabrication and testing

Propagation pattern devices for 1pm magnetic bubbles were fabricated on a single tayer garnet film
with materia! characteristics shown in Table | Their device structure and processing steps are
identical to those described in detail in the last progress report except ion implantation conditions.
Instead of triple implantation of Helium, double implatation of Leuterium and Oxygen was used to
define propagation patterns. The deuterium implantation gives a deep penetration into the garnets at
low energy levels and the linearly proportional damage levels with respect to ion dosages like
Hydrogen implantation. Moreover, since Deuterium is twice as heavy as Hydrogen, it increases
damage levels by factor of two at the same ion dosage, reducing implantation time by half compared
with the Hydrogen implantation. The Deuterium implantation determines the ion implantation depth
and the Oxygen implantation makes the damage profile uniform throughout the depth. The
implantation conditions were 68 Kev, 510'9/cm? for Deuterium and 180 Kev, 0.95°10"/cm? for

Oxygen. The impiantation depth was calculated to be 0.4 um,

The gold ion implantation masks for 1um bubble devices are shown in Fig.l and Fig. 2. Fig.3 and




Fig.4 show the bias margins of "the contiguous diamond shaped device" (Fig.l) and "the contiguous
arrow shaped device” (Fig.2). respectively. Both devices have good propagation margins{13%:-15%).

Further measurements of other device characteristics will follow.

Electroplating of gold

We have had problems in controlling the thickness of the plated gold which is used as the ion
implantaion mask for some time. But, as long as the thickness of the plated gold was thicker than the
minimum thickness required for stopping the implanted ions and thinner than the thickness of the
photoresist used to define the implantation patterns, precise control of the thickness of the gold was
not necessary. For example. devices described in the previous section required 0.7um of gold to stop
the implanted 1ons Since the photoresist thickness used was 1.7;um, plated gold with any thickness
between 0.7um and 1 7um was adequate as the implantation mask. As the bubble size becomes
smaller. so does the minimum feature size of the photoresist patterns, which in turn requires thinner
resist coatings Generally better photobthographic patterns will be obtained if one uses the minimum
thickness of the photoresist required Thus we wish to control the thickness of the plated goid

precisely.

The gold plating apparatus was descrnibed in the last report(10/1/81).1t uses an alligator clip as a
sample holder When a sample 1s etrctroplated, the holder i1s also electroplated. Since the size of the
plated area of the devices 1s neghgible compared with that of the holder, the plating rate is determined
by the surface area of the holder. One problem was that the plating rate of the device (so, the platiing
rate of the holder) was not constant. The other was that the plated surface was not shiny, but
duliindicating large gramn size or impurities in the gold. The plating rate changed from one plating to
another sometimes dramatically(up to 3 times). The reason was thought to be due to the change of
the size of the surface area of the holder. Depending on the grain size of the plated gold, the size of
the surface area of the holder can change substantially. Also particles in the air can adsorb on the
surface of the holder and effectively reduce the size of the surface area of the holder considerably,
especially when the holder is left in the air for a long time between electroplatings. Another
importatant factor was that gold did not adhere very well to the holder. So, after few platings, the
plated gold started to pecl off the holder, changing the size of the surface area of the holder. Acid was
used to remove the remaining gold on the holder, but it also attacked the holder itself. So, we decided
10 use stainless steei to make a new holder. The holder was sputter-deposited with Mo to cnhance
adherence of gold to stainless ste:! A schematic diagram of the holder is shown in Fig.5. Shiny plated

gold was obtained by using less pl.sting current density (3 mA/cm?) than previously believed optimum

(5 mA/ch). When the plating bath (BDT 510) was initially purchased, the latter current density gave




shiny gold plating. It is not clear at this point why less plating current density is required after the bath

1s used for a while.

The plating rate with the new sample holder was 2400 7\/cm?/min (4 5%) at 3 mA/cm? current

density.

Direct writing of patterns on wafers

Direct writing of submicron bubble propagation patterns on garnet wafers by electron beam was
attempted. This was done before we obtained the submicron resolution Karl-Suss mask aligner
previously mentioned. The resolution obtained by then existing aligner was not satisfactory for
submicrdn bubble devices. Various propagation patterns for 1 um and 0.5 um bubbles including
those shown in Fig.1 and Fig.2 were written on two garnet walers with single layer epitaxial films using
a Cambridge electron beam pattern generator at the National Research and Resource Facilities for
Submicron Structures. PMMA positive resist was used since it gives better resolution for submicron
features than other electron beam resists. The thickness of the resist was chosen as 5,600 A which is
slightly thicker than the minimum thickness of the gold implantation mask. Because the electroplated
gold faithfully follows the contog of the photoresist pattern vertically as well as laterally, careful
consideration was given to obtain perpendicular resist profile with respect to the wafer surfce. While
too high electron beam dosage results in undercutting of the resist pattern, too low dosage gives
uppercutting after development. Several dosages near 80 uCoulomb were tried and development

time varied from 3 min. to 5 min. using MIBK developer(1 Methyl IsoButyl Keton:3 Isopropyl Alchohol).

Unfortunately, the final electroplated bubhle propagation patterns were less than safistactory. It
seems T that the PMMA resist was not completely removed from the wafer surface in certain areas
of the patterns, leaving some residue behind which prevented gold plating from taking place. If direct

! writing is necded in the future again. refinement of electron beam exposure and resist development

conditions will be necessary using dummy wafers and a scanning electron microscope.

Design of full function memory chips

The design of full function bubble memory chips for 0.5 um, 1 um and 2 pm bubbles has been
completed. The computer layout of memory chips is shown in Fig.6. A bubble generator is shown at
the upper left corner of the layout.Bubbles propagate from the generator along the major track and
are transfered into the minor loops located at the center of the layout. Bubbles stored in the minor
loops are transfered out through the read gate and propagate to the right to be detected at the

detector shown on the right end of the layout. The layouts of the chips for various bubble diameters

are designed to be identical except the scale factors to facilitate the study of the scaling rules of the
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devices. Also, a new replicate transfer-out gate utilizing bubble-bubble interaction has been

designed.

Future research

The masks for the full function bubble memory chips will be fabricated at the Nationa! Research
and Resource Facilities for Submicron Structures at Cornell University. Then the devices will be made
using those masks in the deep U.V. Karl-Suss mask aligner here at CMU. Tests will follow to optimize
single layer garnet tilm growth conditions, ion implantation conditions, metal overlay fabrication
techniques and overall device performances. Various factors determining bias margins for
propagation patterns will be studied in detail including partial relief of stress at implanted boundaries
of the devices. Previous studies did not include this contribution and its effect might be more critical
for submicron structures. The ability to fabricate fully functional chips will allow us to study device
functions such as transfer, generation, annihilation and detection of bubbles. These functions for
submicron devices and the scaling rules for the devices wiil be studied as well as unforseen problems

that may be encountered during the course of the study.




TABLE I

Room Temperature Properties of the LPE Layer for Sample 68

Composition

Thickness, h( um)

Stripewidth, Ws( um)

Bubble Collapse Field, Ho( Oe)
Material Parameter, 1( um)
Saturation Magnetization, 4mTM (G)

Quality Factor, Q

(Y_SSm.3Tml.3Gd.6)(Fe4_6A1.2Ga.2)012
1.47 um

1.18 um

401 Oe

1.12 um

684 G

~2.2




Pig. ] : Scanning Electron Micrograph of the gold ion implantation
masks of the ‘'Contiguous Diamond Shaped Devices' for 1 um

Bubbles Perod: 5 um

Fig.z: Scanning Electron Micrograph of the gold ion implantation
masks of the 'Contiguous Arrow Shaped Devices' for 1 um
Bubbles Period: 4 um
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CURRENT ACCESSED-ION IMPLANTED DEVICES

Introduction
In the progress report of 10/1/81, a current-accessed ion-implanted
bubble device structure was described that circulated bubbles around
unimplanted discs through the use of currents in an overlying perforated
conducting sheet. In this device, a potential well due to current flow in the
aperture sheet in conjunction with an attractive charged wall act upon the
bubble domain. This new device structure requires less drive than a

conventional current access device and as a result dissipates less power. In

the past several months, work has been done designing propagation patierns

that are based on the structure described above. In this report, in addition to
a brief review of the hybrid structure and a discussion of some experimental
results obtained, portions of a chip layout of propagation patterns are shown

and described and a scheme for reducing power dissipation is presented.

THE CURRENT-ACCESSED ION-IMPLANTED DEVICE STRUCTURE
current-accessed ion-implanted
The A, device structure is depicted in Fig. 1. It consists of a planar

current sheet wiih a circular aperture; the area under the sheet has been ion-
implanted while in the aperture the magnetization remains normal to the film
plane. Thus, except for the current sheet, the device looks just like a basic

contiguous disc propagation structure.

Current flow through the sheet has two effects. First, the in-plane magnetic
field component produces charged walils at the positions shown in the figure.
At these same positions, potential wells due to the normal magnetic field

component are created. Note that rotating the current will rotate the charged

walls and potential wells simultaneously, which are in phase with each other.




]
L
t In the higure a bubble is couplcd to an attractive charged wall and this is also
| the position where the bias field is minimized, enhancing bubble stability at

this position even further.

The potential well strength that a bubble experiences may be quantitatively
determined by measuring the field needed to collapse a bubble, HO, as a
function of the drive field, or, as in the case of current access devices, the
drive current. In Fig. 2 is given the data found when the collapse fields of a
bubble on an 8 um aperture current access device and an 8 um hybrid
structure were measured. Note that dH,/dJ is less for the hybrid structure
and nonlinearly hysteretic, but the magnitude of the collapse field and hence
the potential well of the hybrid structure is deeper for practical drive cufrent

densities.

Another bubble device figure-of-merit, and one that is pertinent for
propagation structures is the bias field of circulation. In order to ascertain this
a bubble is circulated around an aperture at constant drive current magnitude
and the bias fields at which the bubble stripes out and collapses are
measured. The better the device, the larger the range of bias field obtained.
In addition, one would also like the minimum drive current required for

propagation to be as low as possible. The bias field margins for circulation of

a bubble around a 6 pm current access aperture and a 6 um hybrid device are
seen in Fig. 3. Note that the hybrid structure has significantly better margins,
and in particular, the minimum drive current of the hybrid device is roughly
one half that of the conventional current access device. Since the power

dissipation per unit device area is proportional to the square of the drive

] e .
= - M




current, the hybrid device needs roughly one quarter the power of the

conventional structure.

Current Work

Mask Layout and Chip Design

Presently, mask design and layout is being done on the Computer Science
Department VLSI/VAX System and mask writing is scheduled for the week of
Dec. 6, 1982 at the National Submicron Facility in ithaca, NY. Typical designs J
for 1 um bubbles are seen in Fig. 4. The discs are apertures in an otherwise
continuous conducting sheet and the gray areas are ion-implanted regions.
The white areas within the propagation patterns and under the apertures are
unimplanted. By using two overlapping conducting sheets and a pair of
bipolar current supplies that are 90 degrees out of phase, a rotating current
field, analogous to the rotating in-plane drive of field access devices, will act
upon the bubbles and the charged walls ccupled to them. An added
advantage of using two conducting sheets with orthogonal currents is that the
phase difference between currents may be varied and its effect upon
propagation noted. Pattern periods range from 3.3 to 5.6 microns and
propagation directions vary from 0 to 90 degrees with respect to current flow
direction. By varying the propagation angle the effects of the crystalline

énisotropy on this type of structure will be studied.

Minimizing Power Consumption
The hybrid structure has been shown to reduce the minimum drive current
needed for circulation as compared to the conventional current accessed

device. A further reduction in drive current is possible through the use of a




ground plane under the ctup as depicted in fFig. 5. The in-plane lields
produced by the conductors add between the conducting sheat and the
ground plane, reducing the required current density by a factor of two. In
addition, the perpendicular magnetic field componenis at the conductor
edges will cancel, minimizing edge effects and thus allowing greater

utitization of chip area with a concomitant increase in density.

Field Calculation

A project currently being undertaken within the magnetics group is the
creation of a user-interactive, graphics-oriented program in which current and
magnetic field distributions can be calculated and displayed for an arbitrary
distribution of apertures. The program is based upon the Finite Element
Method and will be an invaluable tool in the design of current accessed

“devices.
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MEASUREMENT OF MAGNETOCRYSTALLINE ANISOTROPY FIELD AND MAGNETOSTRICTION COEFFICIENT IN GARNET FILMS

X. wWang, C. S. Krafft, M. H. Kryder

ABSTRACT

We report here oOn improvements (o standard
techniques for the measurement of the effective uniaxial
snisotropy field Hee = Hy4eM,, the magnetocrystailine
smisotropy field H,, and the magnetostriction coefficient
Ayyy- Measurements were made on full wafer garnets in a
wideband resonance speactrometer with @8 nonresonant
microstnip transmission line. Advantages of this technique
include higher sensitivity than a previously reported
microstrip  structure (1), no  problems  with  coupled
resonances in ),,, Measwemems, as was reported by
Vella-Coleiro [2) with a shorted waveguide, and ability to
measure H, on full wafer garnets, in contrast to use of 8
resonant cavity [3] which requires dicing the wafer into
small chips. In the H, calculation, the deviation of the
magnetization from the applied field direction is considered.
Accuracy of H, is better than £10 Oe. A graphical method
for determining M, is presented. Results on different
material compositions which support 1 ym and 05 ,m
d:iameter bubbles are reported.

INTRODUCTION

The effective uniaxial smisotropy field Hye = Hy
arM,, magnetocrystaliine anisotropy fieild H,, and
magnetostriction coefficient A,,,, 8re important parsmeters
n material design of ion-implantable garnets for magnetic
bubbie devices. We report here on improvements which
were made to previously reported measurement techniques
[1. 2.3, 4], and give resuits for 1 .m and 05 ,m
dameter bubble compositions. The microstrip transmission
line structure, reported by Meyers et al. [1). was improved
upon, enabling us to measure thinner films. The use of the
microstrip 1N a8 transmission spectrometer eliminates the
probrem with coupled resonance inherent in the reflection
type spectrometer, Thus we can cafcufate X,,, from

resonant field shift measurement at one substrate thickness,
typicelly 0.4 mm, instead of measuring resonant field shift
st several thicknesses and extrapolating to zero substrate
thickness [2]). H, is calculated using method similar to that
reported by Makino et al. (4). A graphical method for
determining H, from four resonance field measurements is
presented.

APPARATUS

We used a stendard microwave spectrometer with a
wide band non-resonant transmission stripline. The block
diagram for this apparatus is shown schematically in Fig. 1.

sias find) X Y
asagnE |—e{ ascomoen
T PONER SUPLY
W ICROWAVE oc osLoex LocK- 1w
Si1emAL  P—={ STRIPLING |—ex AND aRLIPIER
GENE AATOR DETECYOR

=

Fig ). Experimental Apperstus
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The bias power supply is used to scar the external fieid,
and the modulsting power supply to modulate the externa!
fisld. Phase-sensitive detection with g lock-in amplifier is
used. An inner/outer DC biock between the stripline and the
detector heips to reduce modulating field pick-up, resuiting
in 8 significant increase in the signa! 1o noise ratio. The y-
axis input to the recorder is proportional to the derivative
of the ferromagnetic resonance absorption of the film, while
the x-axis input is proportional to the external field. The
resonance field is the external field corresponding to the
zero-cross point of the resonance curve. The frequency s
held constant for esch curve.
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Fig. 2 Microbox Structure and Serpentine Conductor

Figure 2 shows the microbox structure used for the
measurement of 1,,,. M, snd H, were messured n »
similar structure, without vecuum attachment. A heater was
placed in the lid of the microbox for measurement of the
temperature dependence of anisotropy field. The sampie s
placed between the ground plane and the center conductor
8o that the GGG ascts as the dielectric substrate. A
serpentineg conductor, shown in Fig. 2, is used to increase
the coupling between the sample and the microwave field
by making the transmission path longer than that obtsined
with 8 straight conductor line.

The net perpendicuisr anisotropy field He s M, - 4nrM_
- 2/3 H,, and the gyromagnetic ratio y. may be obtainecd
from the frequency dependence of normal resonance fields;
whereas H,, He = H, - 4sM  and y may be determined
from angulsr dspendence of resonance fields at one
microwsve frequency. For such measurements, the whole
microbox is rotated about the {T10) axis of the garnet
wafer, With the microstrip there 1S no problem w:th
detuning 8s this structure is non-resonant and the sampie
does not move with respect to the microwave field. We
made measurements in 8 high Q resonant cavity and found
that after rotating the sample the cavity had to be retuned
Use of lower frequencies lowers resonance field. improving
field measurement accuracy. The sensitivity of our
apparstus is comparsbie with that of the conventionat
resonant cavity. Sensitivity may be further increasec by
using 8 narrower conductor line or a larger wafer. Although

the microstrip structure is theoretically wide band, we
operated in region from 4 to 7 GH: due to decreased signal
ot higher frequencies. This is still more convenient than
using different size resonsnt cavities to measurs frquency
depsndent parameters.

To measure the magnetostriction constant, 8 reduced
pressure is spplied to one side of the wafer. A polystyrene
o-ing is used to support the wafer and form s vacuum sesl.
The inner radius of the o-ing is used in the calculation,
which is presented in the next section. The wafer is
maechanicaily polished to & thickness of 0.41 mm to remove
the back film and to creste a larger resonance fisld shift
for the same applied pressure. The pressure is adjustable
while the sample is in the magnet gap, simplifying Xy,
measurement. The strain could be spplied such that the film
was esither in compression or in tension by turning the
wafer over.

THEORY

The equilibrium condition to determine the
magnetization angle & is given by [4):

r/\j




<A

“2H sin(g-0)oby sin28+H, (7124 sinag ()

-112 3in28 + V2 /13 (3sin20~lsin‘0))-o

where H 15 the external field applied in the (T10) plane, M,
is the magnetic moment, and J is the externsl field angle as
shown in Fig. 3. The resonance condition is given by [4):

(ap/yl2 s {Hcos(ﬂ-ohﬂ‘scoszﬁ'ﬂ,@'w sin20 (2)
{3-851n28) -7/12 coséd -112 coszﬂ)}

(Msinpising) 43/4NZ w,sin26)

where o is the microwave frequency , and H is the
resonant field. Solution of Eqs.(1) ang (2) gives the
relationship between microwave frequency, apphed field
angle and resonance field. With the applied field Hy in the
[111] direction normal to the fiim plane EqQ.(2) reduces to

w/y 5 Hy * He -2/13 H, (3

With the aspplied fieid Hp in the [112]) direction, coplansr
with the fiim, Eq.(2) reduces to

(w/y1? s HplH, - He ~aH, ] @)
At other appled field angles., Eq.(1) and EQ.2) must be
solved to determine the magnetization angie #.
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Fig 3. Fitting of Experimental M, Data
The magnetostriction coefficient 1s calculated from the
rescnance field shift due to an applied stress from the
following equation (5]} .

dHyyy = 150, M) o (5}
where ¢ is the applied stress in the LPE film. The radial
snd tangential strgss in the outermost layer of the GGG

substrete, ¢, end ¢, are celculated using formuise developed
by Timosenko {6] end wused by Vella-Coleiro [2).
Averaging the stress by integration over the serpentine
conductor pattern yields

(0,20 )g *75[(227) (0.5136) « (1-0)1a%q/T? ®

=1.52602qr1?

where » is Poisson's retio, T is the thickness of the GGG
substrate. 8 1s the inner radius of the supporting o-ring, and
Q s the spplied pressure. Assuming thst the GGG substrate
and the LPE film have the same Young's modulus and
Poisson's ratio, the stress in the LPE film will be the same
s that given by EQ.(8). Solving for the magnetostriction
coetfficient, we obtain

My = 4eM T23H, 12876270 n
CALC'JLATION

A Program was developed to calcuiste H, given the

experimentslly measured resonance fieids. This program
searches for 8 minimum mean squsre devistion of w/y in @
method similar to thet employed by Makino, et al. [4) The
first step involves solving Eq.(1) for @ end Eq.2) for («/y)
ot olf applied fisld sngles measured for 8 trisl velue of H,
and taking sversge u/y and mean square devistion. Mg 18
determined from H, and H, and the trisl value of H,.
Incrementing H, by 5 Ose. the prccess is repested until @
minimum in the mesn square devistion of (w/y) 15 found.

EXPERIMENTAL RESLLTS

Figure 3 shows the fitting of expsriments! resonance
field dats to theoretical W, curves. The modie curve
represents M, equal to -155 Oes. Adjacent curves represent
240 Oe variation in M,. In Fig. 4 , the devistion of the
magnetization angle from the aspplied field angle, f-6, s
plotted against the applied fieid angle 4. For accurate
determingtion of H, it is important 1o consider anguler
deviation in resonance field caiculation. The value for H, 1s
determined from miniMum In mean square error versus H,,
which is plotted n Fig. 5. For a more rapid determination
of H‘. we found that resonsnce cats taken at applied frelds

of 0% 70°, 90° end 110° provided H, to an accuracy of
10%. The choice of sngles. 70° and i1ts suppiement 110°,
was based wupon difference in resonance tfieid ot

supplementary angles versus spphed fieid angle plotl. shown

in Fig. 6. The meximum difference occurs near 70°. we
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have developed s graphical method for determining H, from
the resonance freids at 0%, 70°, 90°, and 110° applied field
angles. H,; was determned from Eqgs.(3) and (4) for given
M, Equating £qs.f2) snd (3} to remove (w/y). and
normalizing it and Eq{1) to H,, we solved for H/H, and
corresponding § for given A H,/H, is plotted versus AH/Hy
s (Hy,g0H;p%H, 1n Fig. 7 for given Hp/H,,
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Pig. 7. Determination of HY from 4 Resonance Fislds

For magnetostriction measurement, we obtained the
same magnitude shift in resonance fislid for the film in
tompression as in tension, as shown in Fig. 8. Furthermore,
by doubling the pressure, we doubled the resonance field
shift. Thus, the normal resonance fiald shift is attributed
solely to the strain, send not to eny other factors. The
resonance field shift for 8 635 mm Hg pressure is 90 Oe
for the 1,m garnet, film 2, end 50 Oe for the 0.5 ,m
gornet, film 5. On film 2, ),,, was determingd to be -3.3
x 1075 On fitm 5 A,,, is -3.8 X 10°5. Higher X, , for
fiim 5 is due to higher iron and samarnum content.

ol8
8

2 4 [ ]
(102 mmhg)

Fig 8. Resonance Shift Versus Applied Pressure

Film compositions are given in Table |I. Film
parameters given in Table |l inciude film thickness t,
characteristic length |, 4seM,, M. and M,. Results of

tempersture dependence of M., and H, messurements are
given in Table 1il. The temperature dependence of N, and
Hyee i8 8ttributed to 8 decrease in the exchange effects with
increasing temperature. This lesds 10 a decresse in crystal
dependent magnetic properties.

Table t Film Compositions

Film Composition

1.2 Y0 9SMg 20TM 3Gdg ¢oF 04 5G80 38012

3 Y0ySMp38TM 2605 5sF 4 gsAlp 18680 1704,
4 Y0915Mg 7, Tm, 13600 26F8, gAlg 2012

5 Y0885M0.80TM 1 0aGdp 25LUp 0974 84102012
6.7 Yo825M0esTM} 02690 24440 27F%4 84102012

Table It Film Parameters

ilm t ] arM Mg H

F
1 0.90 {4m) 0.11 (,m) 833 loo 502 00 - ‘60 {Oe)
2 1.26 0.14 836 980 =185
3 0.85 0.1 774 782 -155
4 0.73 0.08 1390 481 -128
5 0.5 0.08 1345 600 =118
] 0.70 0.08 1292 e84 -115
7 0.7 0.06 1382 e -12%

Table lit Temperaturs Dependence of H, and H,

Film Temp. M, Hye arM
3 272(°¢c) -155 (Oe) 782 (Oe) 774 (G)
95 -95 426 718
[] 25 -115 684 1292
94 -85 339 1073
7 25 -125 611 1382
95 -80 300 1164
DISCUSSION AND CONCLUSION
The accuracy of M, is typicelly 220 Oe, os

determined by comparison of Hye determined by angular and
frequency dependence of resonsnce field. Uncertainty in
resonance field is predominant source of error. Uncertsinty
in H,, determined by minimum in mean squdre error of
(e/y) is 210 Oe, as shown in Fig. 5. Largest source of error
is uncertainty in 4sM, which is £5%. 4sM; was determined
from collapse field, fiim thickness, and zero-field stripwidth.
measurements [7]). Reproducibility of H, is better than 10
Oe. The resonance fisld shift for rmagnetostriction
measurement is determined to within £6 Oe. This is the
resolution of the field measurement. The asbsoiute accuracy
of X,,, is $10%, the relative accuracy is £5%.

Films 1, 2 and 3 are nominal 1 um diameter bubbie
materials. Films 4-7 are nominal 0.5 sm diameter bubble
materials. Film growth is described efsewhere (8]. Fiim
compositions are estimated sssuming unity segregat:on
coefficients for the rare esrths. The difference n H, for 1
pm and 05 ,,m film compositions s attributed
predominantly to difference in an’, but also to difference
in rere-earth content. Fiims 6 and 7 were grown from the
ssme melt st different growth temperatures.

The techniques described here are suitable for the
routine measurement of H,, H,. and ther temperature
coefficients on as-grown full wafer garnets. Ay IS
measured on mechanically thinned substrates. The high
sensitivity, sttributed to the use of a serpentine conductor,
placement of sample between conductor and ground plane,
and use of an inner/outer DC block, enables us to make
measurements on films as thin s 0.3 ym.
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